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ABSTRACT

The Yucca Mountain Site Characterization Project (YMP) will model the behavior of a poten-
tial repository system. To do so, it is developing scenarios for the release of radionuclides. The
scenario-development effort has defined a “scenario” as a well-posed problem connecting an
initiating event with radionuclide release to the accessible environment by a logical and phys-
ically possible combination or sequence of features, events, and processes (FEPs). Drawing on
the advice and assistance of YMP prmc1pal mvesngators (PIs), a collection of release scenarios
initiated by basaltic igneous act1v1ty occurring in the vicinity of the potential repository is de-
veloped and described in pictorial form. A summary of open issues that may require further
study is appended to the collection of scenarios. It is intended that this collection will provide
a framework to assist PIs in recognizing essential field and calculational analyses and to assist
performance assessment in recognizing what analyses remain before preparation for the Nucle-
ar Regulatory Commission (NRC) license application is complete.

* Throughout this report we refer to basaltic igneous activity, including both intrusive and extrusive expressions,
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Introduction

Basaltic volcanism has been identified as a possible future event initiating a release of ra-
dionuclides from a potential repository at the proposed Yucca Mountain high-level waste
repository site. The performance assessment method set forth in the Site Characterization
Plan (DOE, 1988) requires that a set of scenarios encompassing all significant radionuclide
release paths to the accessible environment be described. This report attempts to catalogue
the details of the interactions between the features and processes produced by basaltic vol-
canism in the presence of the presumed groundwater flow system and a repository struc-
ture, the engineered barrier system (EBS), and waste. This catalogue is developed in the
form of scenarios. We define a scenario as a well-posed problem, starting from an initiating
event or process and proceeding through a logically connected and physically possible
combination or sequence of features, events, and processes (FEPs) to the release of contam-
inants.

To construct a complete and exhaustive catalogue of release scenarios would require a syn-
thesis of all currently available information, geologic and hydrogeologic as well as of en-
gineered components, repository, EBS, and waste. Completeness in this sense is not possi-
ble; however, we do attempt to include all the physical principles and information known
to us that we presume to have potential to contribute to significant radionuclide release. We
will explore additional release scenarios should they become of concern. To help guide fu-
ture studies, we include at the end of this report a summary of the open issues we identified:
i.e., of the technical information that may require further investigation.

To organize the information, interpretations, and speculations, all generously provided by
many project Pls, we chose a logical structure that we call an event tree.” The event tree is
used to systematically organize FEPs and the understanding that investigators have of these
phenomena. The event tree is then used as a tool for systematic construction of scenarios.
This particular structure is organized the way PlIs think about laying out their problems; a
single continuous path through the tree is a scenario and should provide a well-posed prob-
lem. To clarify some of these processes, a series of cartoons and sketches supplements the
verbal description of concepts. Each cartoon suggests details of possible consequence. To
the extent of our knowledge, we have included current results obtained by participants in
the YMP. A copy of the reference basaltic volcanism event tree is appended to this report.

Identification of a scenario presumes no knowledge of its probability of occurrence, but
rather represents a description of physically possible, connected FEPs leading to a possible
release of radionuclides to the accessible environment. Elimination of FEPs of little conse-
quence, FEPs of very low probability of occurrence, and those which are physically impos-
sible will be based upon observations, calculations, and experiments. We expect that the
syntheses that produced these scenarios will induce Pls to suggest revisions and omissions
both of scenarios and of the organization of FEPs.

We expect frequent revision of the catalogue of scenarios. In particular we note three op-
portune times for such a catalogue to be reexamined and revised: when site characterization
surface-based testing information is available; when entrance to the underground workings
is available and incorrect presumptions about the behavior of the site can be corrected; and

* Since we are dealing with features and processes as well as events, our event trees are generalizations of
the event tree concept.




at decommissioning, when 30-50 years of operational experience will have been accumu-
lated. That experience will allow a further elimination of unimportant processes.

Caveats (explanations to avoid misinterpretation)

In both the event tree and this report, arrival of contaminants at the water table is taken to
be the release, rather than arrival at the accessible environment as legally defined. This is
not to disclaim the saturated zone, but to avoid adding the FEP Transport in the Saturated Zone to
the Accessible Environment to most paths. This allows us to focus on details unique to distinct sce-
narios, including details of the saturated zone only when the standard model of the saturated
zone will not apply because of a change or different event in the system.

In addition to the zone below the water table, we use “saturated” or “locally saturated” to
refer to a region within the unsaturated zone but with pore space full of water.

Construction of underground openings causes durable alterations of the rock. There is a
stress-altered zone around the drifts and emplacement holes that develops in response to the
change in stress when rock is removed. Strains develop to relieve this stress; typically the
strains are radial and concentric fractures superimposed on any existing fracture systems.
A dike or sill reaching the potential repository must be injected into this stress-altered re-
gion. How this affects the behavior of the magmatic flow is currently unknown. We have
presumed that the dynamics of injection of a dike will overwhelm any local alterations in
the stress field. When field studies are completed on this topic, it will be reconsidered. We
have assumed in discussion and particularly in figures that the waste container, waste forms
and mode of container emplacement are those of the Site Characterization Plan Conceptual
Design Report (SCP-CDR, SNL, 1987). Different modes of emplacement are under prelim-
inary consideration. Our assumption is not intended to preclude other choices. However ev-
ery change from the reference form requires some reevaluation to see which arguments in
the discussion still apply, how figures need to be modified, and what changes are required
in modeling. We expect that most of the differences can be addressed as specifics in the de-
tailed modeling of the scenarios.

With one exception we have ignored the thermal state of the potential repository at the time
of postulated intrusion, the argument being that the intrusion provides local thermal effects
of greater magnitude than does the potential repository. However, the thermal history of the
potential repository establishes the initial conditions of the surrounding rock at the time of
the intrusion. The matter is thus relegated to modeling. For the exception, intrusion Acts Indirectly
on Repository 0, @ distinction is made between a hot repository and cold repository. During the
thermal period of the waste, a relative short period comnpared to the period of containment,
the interactions between the potential repository and the mountain will be fundamentally
different from those during the much longer period when the waste is cool. Also, the effects
of a hot intrusion are different from the long-term effects associated with the cooled intru-
sion. Certain transient thermal behavior of the major components may be important.

There is a large body of literature describing the geologic and hydrogeolsgic setting of Yuc-
ca Mountain and vicinity. The Basin and Range province is currently an exciting research
area with frequent new publications. While there are, seemingly, contradjctions in some in-
terpretations, as for example flow in the saturated zone (Fridrich, et al., 1992, Czarnecki,
1985), substantial further studies are planned or are underway as set forth in the Site Char-
acterization Plan (DOE, 1988). To exhaustively review such new and existing work is be-
yond the scope of this document. The event trees and resulting scenarios are digests of these




data and interpretations. The intent of the scenario documents is to include those interpre-
tations and speculations whose relevance to potential repository success or failure must be
resolved and evaluated in terms of radionuclide releases to the accessible environment.

Reading This Report

This report is accompanied by a basaltic-volcanism event tree, located in the back pocket.
Frequent reference to this tree may be essential to keeping track of the discussion in the
text.

Basaltic Volcanism

—] [
I ]

Intrusion Acts Directly Intrusion Acts Indirectly
on Repository o on Repository o

I [ I [ 1

Dike Forms Surface Drainage Subsurface
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Upper branches of the basaltic volcanism event tree. Ellipses indicate
subsequent continuing tree segments located, in numerical order, in the text
under basic scenarios.

Tree Segment 1.

Tree Segment 1 contains the upper layers of the event tree and provides a structural outline to
this report. The ellipse symbols in the lowest tier of Tree Segment 1 are the code to map branch-
es of the event tree found in the text, called Tree Segments, into the complete event tree.

For example @ refers to Tres Segment 2 in the text and to the leftmost branch of Transport of Waste
Intact y; in the event tree. Each segment receives discussion in its own section of the text, each
of these sections is headed by the title of the segment and the ellipse symbol that denotes it.

The Greek alphabet is also used to facilitate placement of each Tree Segment in the event tree,
and to indicate the horizontal levels of the branches being referred to; e.g., the branches di-
rectly beneath Basaltic Volcanism are the o layer, and the branches beneath the o layer compose
the B layer, etc. A boxed FEP is uniquely designated by its Greek-letter path (e.g., oy, B}, ¥io)-
Specific FEPs are indicated in the text by a change of font; e.g., Intrusion Acts Directly on Repository oc.

Tree Segments are the figures in the text containing sequences of branches excerpted from the
event tree. Each Tree Segment with the exception of Tree Segment 1 consists of two similar figures.
(To follow the ensuing explanation, it may be necessary to refer to Tree Segments 2a and 2b on
pages '0and 11). First is Tree Segment #a, which shows a portion of the event tree. A Tree Segment
#a caption traces the tree path through preceding FEPs not shown, to the segment depicted,;
e.g., looking at Tree Segment 1 and the event tree, we see that Tree Segment 2a will have the caption
Basaltic Volcanism, Intrusion Acts Directly on Repository o4, Dike Forms 34, Transport of Waste Intact 4, Waste Transported to Sur-




Table 1: Symbols Used in this Report

Symbol Usage of symbol

Symbol for Tree Segment # showing its position in the event tree and
in this report

FEP and Font used when referring to a FEP, Sketch or Tree Segment, and for
captiontext | gyeich and Tree Segment captions.

. e-‘ Symbol for a group of FEPs that occurs within the dashed box and is
: ' | repeated elsewhere in the event tree

Symbol to indicate that the position of the group of FEPs in the
above- mentioned dashed box is to be repeated.

or scenario group through the Tree Segment

*_ A symbol found in Tree Segments that demonstrates the path of a scenario

A symbol that indicates the continuation of a scenario group path
from the end of the discussion in the text to the water table

Symbol and reference number for a scenario path or scenario group
path through the event tree

z Symbol indicating where, in a Tree Segment, a Sketch (Sketch 2-1 in this
case) first applies to a scenario path

face 1. An additional purpose of each caption is to restate the assumptions upon which the
discussion of the Tree Segment is based. The second of the similar figures is Tree Segment #b, which

shows by a broad arrow symbol, * , the paths of scenarios or groups of sce-
narios discussed from that portion of the event tree. When the discussion ends before the

final branches of the scenarios, a narrower arrow symbol, b , shows the continua-
tion of the scenario path to the water table.

Tree Segment #b numbers scenarios or groups of scenarios for ease of referral. Scenarios and
groups of scenarios are indicated as broad arrow paths through the Tree Segments and specified
in both Tree Segment and text with a numbered pentagon. For example, 2 in the text refers
to the path in Tree Segment 2b ending in Direct Exposure €.

Some sets of branches are common to more than one path. Each of these sets, when first
described, is surrounded by a dashed box and assigned a circled letter; e.g., .- sk
Rather than repeat the entire set of branches at each occurrence, the circled letter i in reversed

black and white, , serves to indicate the position where the set is replicated. These
symbols are summarized in Table 1.




As shown in Tree Segment 1, distinction is first made between an intrusion acting directly upon
the potential repository block and one acting indirectly on the potential repository block.
Discussion then proceeds to the formation of a dike and five possible categories of interac-
tions of the first molten, then cooling, rock with the potential repository waste. The descrip-
tions of scenarios conclude with the discussion of releases due to altered drainage patterns.

We have represented each scenario with a sequence of Sketches after the fashion of a PI set-
ting up an analysis. Each Sketch illustrates a concept and is possibly distorted in proportion,
as a cartoon, to enhance the features of interest, which, if drawn to scale, might not be dis-
cernible. Tree Segment #b links Sketches to the concepts discussed by placing the symbol Z—) con-
taining a sketch number near the FEP the sketch illustrates. We hope that, the combined use
of these four components--Event Tree, Tree Segments, Sketches, and text--will reduce ambiguity.

Basic Scenarios

In order to have specific physical and chemical features to discuss in modeling, and to keep
the number of scenarios finite, we establish paradigms for emplacement of the deleterious
basaltic intrusions. We have chosen two representative settings for paradigms: one with the
intrusion through the potential repository (Intrusion Acts Directly on Repository &y) and one with the
intrusion outside the potential repository (Intrusion Acts Indirectly on Repository ot).

For the direct interaction case, a dike or en echelon dikes are injected through the potential
repository in a direction perpendicular (NNE/SSW) to the least principal stress as measured
in this area or along preexisting faults with trends that are nearly perpendicular to the least
principal stress (e.g., Delaney et al., 1986). It is likely that whatever the direction of injec-
tion of the dikes, the near-surface stress field influences their surface expression. Other ori-
entations are not excluded, but are variations. A dike reaching the potential repository depth
is presumed to continue to the surface to form fissure eruptions.’ Observations at Crater
Flats and in Hawaii suggest that such dikes, after a period of eruption, focus to one or more
vents, which form cinder cones. Effects of these processes and features are superimposed
on the existing hydrologic flow system.

The paradigm dike structures are based on regional studies (Crowe et al., 1983) that indi-
cate that should such an intrusion occur, the dike dimensions are expected to bel to2 meters
wide by 0.5 to 1 kilometer in length. In Sketch 1-1, two dikes (which could as easily be one)
run the length of the potential repository. A single cinder cone is indicated in the figure,
with the approximate dimensions of the Lathrop Wells cinder cone. The Lathrop Wells cone
is thought to be polycyclic (Wells et al., 1990), erupting most recently about 25,000 years
ago, so the entire volume of the cone may not be produced as a single event. This becomes
important when mechanical details of the eruptions are developed.

When it is energetically advantageous, an advancing intrusion will extend laterally forming
a sill (a horizontal tabular intrusion). Since the integrity of the potential repository horizon
is reduced by the tunneling and associated fracturing, it is likely that there will be flow from
the dikes into void spaces above the backfilled potential repository drifts, as shown in Sketch
1-2. Since it is likely, such a sill is included in the scenario descriptions under Intrusion Acts Directly
on Repository 4. It is not clear, however, that a connected tabular sill bridging drifts, as illus-

+ An intrusion :.ot reaching the surface would produce a branch set that is a subset of the intrusion that does
reach the surface.




trated in Sketch 1-3, will occur. This problem will be addressed in the discussion of Formation of
Sills 5.

Using the schematics (Sketches and descriptions) of the paradigms for Intrusion Acts Directly on Repos-
itory oy With the event tree, one is able to recognize a number of paths through the tree having
sufficient detail included to construct well-posed problems: that is, by the definition of sce-
nario used here, a number of distinct scenarios. Some of these scenarios will always occur
together, even though they describe different processes; some may occur separately. In the
remainder of the chapter Basic Scenarios, we will describe the collection from the given
paradigms as completely as possible and add to the description any other recognized sce-
narios not included in the representative setting.

Sketch 1-1 schematically initiates the description of events and processes occurring in the
branct. of the tree labeled Intrusion Acts Directly on Repository oy, Which continues to Dike Forms B4. Using
the tree as a guide, we construct and discuss scenarios for this branch. Sketch 1-1 shows two
dikes intersecting the potential repository; for the case Transport of Waste Intact vy, they are pre-
sumed to intersect emplaced waste containers.




Dikes Intersect potential repository.

Sketch 1-1.
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Transport of Waste Intact (o By v4)
Transport of Waste Intact (04, By, v4) is the leftmost branch of Dike Forms B4 in the Event Tree.

Transport of Waste Intact vy,
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Tree Segment 2a. Basaltic volcanism, intrusion acts directly on repository a4, dike forms By,
transport of waste intact y4, waste transported to surface 8.

Waste Transported to Surface @ .

We first construct the scenarios involving intersection of the dike and containers resulting
in Waste Transported to Surface 8. Sketch 2-1 points to the condition of the rock due to driving the drift,
that is, the creation of a stress-altered region around the drift that may influence how a dike
and attendant sill flow past the potential repository to the surface. Sketch 22 illustrates
interaction of the intrusive and container contents. The flowing magma plucks up spent fuel
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lllustration of possible fractured condition of rock due to the driving of a drift.
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Sketch 2:2. Dike intersects waste containers and wasta Is carried Intact from containers,

13



rods or fragments from the container and carries them up along with it. This sketch includes
flow of the intrusives through the voids down the backfilled drifts.

For Tree Segment 2o we have no alteration of properties of the spent fuel fragments. Spent fuel
is refractory relative to the temperature of magma, which is approximately 1100 °C, so the
presumption that the spent fuel is mechanically incorporated into the magma flow is rea-
sonable. Glassified waste, an alternative wasie form, is not refractory and will be consid-
ered later, in the section Magmatic Alteration of Waste y3, which includes processes of alteration and
reaction. The conditions of the containers and the spent fuel at the time of intrusion are
more problematic.

Sketch 2-3 illustrates possible conditions of container and fuel rods. The spent fuel spilled
from damaged rods should be expected to vary from mostly-intact pellets to lumpy sand.
Transport of intact waste requires a detailed understanding of the mechanical movement of
the solid pieces by the magma. Whether such material can be transported to the surface or
how it is distributed along the dike is a matter for calculation and analysis.

Considering transport to the surface by the dike, the idea of contaminants exposed is in Skeich
2-4, namely, that biological exposure requires physical contact with the dike and associated
ejecta containing the distributed contaminants. Path 27y through the tree, as just described,
constitutes a scenario for direct release.

In addition to scenario <23, there is a series of scenarios branching from Waste Transpurted to
Surface 8, involving specifics of Surface Weathering €, and transport of contaminants along the sur-
face or into the ground. These scenarios differ by the form of infiltration, which is preserved
in these discussions because descriptive mathematical models are likely to differ. Each sce-
nario in this group includes the sketches indicated in paths shown in Tree Segment 2b.

In Sketch 2-4, it is presumed that the pieces of spent fuel are distributed in the dike and in the
ejecta apron associated with the dike. Dike and apron are blocking a wash that formerly
drained the slope. Precipitation falling on the mountain and the dike can infiltrate the area
of incidence or can run off. That portion participating in evapotranspiration (ET) is pre-
sumed to make no contribution to releases and is thus not included in the discussion. Sin-
gular events are taken to be rapid, perhaps heavy precipitation capable of producing surface
runoff. Examples would be thunderstorms and rapid snow melt. Such events may produce
channel and sheet flow with different effects on contaminant transport. Several paths are
developed below Contaminants Transported by Singular Events {; reflecting these possibilities. Contam-
inant release path 22 includes erosion of the basalt surface and exposure of previously en-
veloped spent fuel debris, allowing the possibility of direct exposure as in Sketch 2-6; or ero-
sion of the fuel particles which then are transported overland and deposited in the accumu-
lation zone of the flow channel, as shown in Sketch 2-10, again allowing the potential for direct
exposure.

In the case the dike blocks a wash, one expects blockage to be eventually downcut, perhaps
to a narrow channel as in Sketch 2-5. Even without such a channel, runoff can carry debris par-
ticles and contaminants mobilized from the sides of the apron and from gullies eroded into
the apron (as in Sketch 26) down-slope to enter the hydrologic flow system of the wash. One
suggested entry is into exposed fractured strata on the wash side-slopes, as in Sketch 2-7. 23y
continues with the intercepting fracture system feeding a locally saturated flow system that
extends to the water table, and continues with the intercepted flow being diverted to
the wash edge and bottom through fractures. Some of the washes, particularly at the north-
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Sketch 2-5. Steep-sided channel is cut through a dike blocking an old wash channel.
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Sketch 2-6. Gully erosion of ejecta apron unearths contaminants, thus permitting direct
exposure.
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Sketch 2-7. Contaminated waler flows down side-slopes and enters fracture zone extending
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ern end of the block, are apparently fault-controlled. Sketch 28 shows the continuation of
these paths to Percolation In Fault System 15, Faults could provide a path to the water table without
requiring an inordinately long residence time for transport, This Sketch shows the fluid move-
ment down faults with differences between unwelded and lractured-welded units simply in-
dicated schematically by including local perching along the fault. Faults that are conduits
as well as partial barriers are conceivable,

Some of the flow will be captured in fractures of intercepting strata and enter the unsatur-
ated flow system in the mountain. Presumably this would imply a long residence time for
travel through to the water table. While this is a conceivable scenario, we will not complete
the expansion here, for the reason that the path is greater than that of any contaminants in
the potential repository. If field studies show short circuits ure possible, this scenario will
be added to the tree and will be reexamined.

Returning to Contaminants Transported by Singular Events § 4, and now consulting g8y, and <g¥ and as-
soclated Skeiches, we see the possibilities described as the FEPs Contaminants Transporied by Singular
Events §, Runoff to Washes 1}4, Conlaminants Transported Down Flow Channel and Accumulate 8yt Transport Along Allu-
viun/Rock Boundary 8, where the branching describing the fate of contaminants in weathering is
chosen to be consistent with the current understanding of surface infiltration (DOE, 1990).

Presumably the flow channel is the mujor conduit for runoff, especially for runoff during
singular events such as thunderstorms. Sketch 2.9 illustrates the branch of the tree 83y with
Runof! to Washes 14 first being directed along the interface between alluvium and rock beneath
the washes (Transport Along Alluvium/Rock Boundary ), and then running down a fault system (Percolation
in Fault System (4 ) to the water table or to the unsaturated flow system leading to the water table.
Clay lenses and caliche layers are other features common under channels that cause lateral
flow, and should eventually be included in the modeling of this region. We do not distin-
guish here between transport in the unsaturated system and transport in the locally saturated
system because, even though they have different flow times, the contribution to each is
most likely decided by a single computational model. It is ulso possible for contaminants
to accumulate in washes (Contaminants Transporied Down Flow Channel and Accumulate 84), ns in Sketch 2.10,
providing direct exposure (Contaminants Exposed 14), or upon drying, providing windblown par-
ticulates (Mobilization of Windblown Particlos 13).

As often occurs in arid areas, the stream could end in a dendritic pattern. Options for dis-
tribution of this flow include arrest by evapotranspiration or subsurfuce continuation of
flow. Subsurface flow could eventually resurfuce, und the fluid then evaporate, forming a
pluya (Czarnecki, 1990). Exposure in this case is by direct contact or by remobilization of
particulates on the dry surface by wind. <§3 includes these processes,

Ancther possible pathway, Contaminants Transported by Percolating Water §p, i that in which
precipitation finds its way directly into and through the extruded and contaminated strata,
The ejecta apron will be an aggregated and rough surface supporting inhomogencous
porous materials and fractures. Both pores and fractures act as conduits to carry fluids to or
pust contaminant pieces. The included spent-fuel debris is weathered in the interaction of
water, atmosphere, and rock, sllowing leachants to be extracted from the contaminant
debris. The immediuate fate of such leachates will be expected to depend on the hydraulic
properties of the dike. Following <&, if the permeability contrast between the preeruptive
surface and dike ejecta permits, the leachates move along this interface until exposed at the
surface; otherwise, the leachates from the dike and apron enter the unsaturated or the
locally saturated flow system associated with nominal flow in the mountain. Skeiches 2-11 and 2-
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Sketch 2-10. Stream deposits conlaminanis along channel. Wind spreads dried contaminants
along with sediments.
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Sketch 2-12. Additional ejecta apron infiltration, mobilization, and transport modes.
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12 illustrate movement of contaminants mobilized from fuel element debris into the locally
saturated and unsaturated flow systems,

These seven scenarios and groups of scenarios describe transport of unaltered waste to the
surface by dikes and subsequent routes to possible human exposure. Additional scenarios
for transport of contaminants to the surface occur in the branches Magmatic Alteration of Waste and
Basaltic Cone Forms discussed later. The scenarios for these cases will be the same as those just
discussed; however, the amount of available waste debris and the geometry of the problem
will change.
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Tree Segment 3a.

------------------------------------------------------

Basaltic volcanism, Intrusion acts directly on repository a4, dike forms By,

transport of waste intact vy, hydrothermal system develops 8.

Hydrothermal System Develops

Intrusion of liquid rock implies that there are also thermal and mechanical alterations to the
flow system produced by such an intrusion, even in the absence of magmatic alteration of
the waste. First we cor:sider the thermal alterations, The intrusion is approximately 1100 °C
during emplacement, and cools primarily by conduction in the unsaturated zone, solidify-
ing over a few weeks and reaching pre-intrusion ambient temperatures in a few tens to hun-
dreds of years, with exact details depending on the thickness of the dike. In the case of Hy-
drothermal System Develops 85, We consider any flow system driven by the heat from the intrusion
to be hydrothermal. Since the intrusion intersects both the saturated zone and the unsatur-
ated zone, the effects on both need consideration. One would expect that a two-phase con-
vective flow system wouid be established close to the dike. Past measurements of dikes
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(Buchan et al., 1980) and thermal calculations indicate maximum temperatures of several
hundred degrees Centigrade on the order of a meter from the typical dike for this region.
Sketch 3-1 illustrates the short-term flow dynamics being considered. The intruding dike caus-
es local dryout above the water table and generates two-phase convective flow past the con-
tainers. Below the water table there may be local dryout, but it is accompanied by rapid
chilling of the dike skin. While the temperature of the dike is above local ambient, the two-
phase convection can be expected to persist. Early in the intrusion, local condensation
would be expected to occur one or two rows of containers away and parallel to the dike.
The enhanced two-phase convection, coupled with the volatiles being released by the in-
trusion, would be expected to produce aggressive fluids at the waste packages at risk.

We have come down through the upper FEPs of 33y and 337 . Hydrothermal System Develops 8, and
Enhanced Hydrothermal Mobilization of Contaminants 4. Since we are concerned with waste that has been
transported intact, we only consider the fate of the containers that have been directly con-
tacted.

The next question is how the contaminants are transported. Sketch 3-1 indicates a time-depen-
dent convective flow system may be formed. Because the containers hit by the dike are in
the vapor-phase region and fluid movement is up, the volatiles released from the containers
condense to the cooler side in surrounding rock, as in Sketch 3-2. Isotherms are roughly paral-
lel to the dike, so condensation occurs at approximately a uniform distance away from the
dike. For strata with high enough water content, a locally saturated zone may form along
the vaporization isotherm. This zone, if it forms, would follow the isotherm back toward
the dike; so, at some time, a locally saturated zone would develop in such strata at the region
of volatile plate-out. These contaminants are then the first to be exposed to mobilization
from the reflux, saturated or unsaturated, as shown in Sketch 3-3. With further cooling of the
dike, the width of that convective system will decrease until saturated reflux passes through
the remains of the container. Mobilization of contaminants should continue during the pe-
riod that the dike can provide the driving mechanism for convective flow without dryout.
This scenario continues in 17 with Convective Transport to Water Table 8.

From Tree Segment 3 we realize that there is a possibility of two other pathways for transport
after the dike is cool. One, 32y, is for transport to re-enter the unsaturated flow system (Trans-
port Reenters Unsaturated Flow System 6,). Several processes for this path are suggested in Sketch 3-4.
(2 concludes with Transport in Unsaturated System to Water Table 1. The other possibility, including
both (3% and &4y, is for Dikes Intercept Saturated Flow System {», as in the fracture shown in Sketch 3-5.
The dike in the case of 3% blocks the flow and diverts fluids down to the container or, as
in 3%, acts as a more transmissive conduit, exposing waste encapsulated in the dike as well
as waste in the container. Sketch 3-6 shows contaminant plumes resulting from these cases.
These two cases are included here because the dike biases the initial conditions for release
once the dike is cold. The possible choices for dike transmissivity are distinguished explic-
itly but should be left as a detail of the modeling.
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Vaporization
Isotherm

Sketch 3-3. As the vaporization isotherm regresses toward the container, condensed
volatiles are exposed to hot fluids that mobilize condensed contaminants and
transport them to the flow system.
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Sketch 3-4. Mobilizing of plated-out volatiles by reflux ylelds contaminant plumes that enter
the unsaturated flow system,
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Sketch 3-5.
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Previously existing fracture is cut by the dike, causing saturated flow along an
Impermeable dike or saturated flow within a transmissive dike.




Flow Path for Impermeable Dike -

Sketch 3-6.

- Flow Path for
4 Transmissive Dike

[357] saturated Contaminant Plume

["7] Locally Saturated Flow

Saturated mobilization and transport in a locally saturated flow system along an
impermeable dike or within a transmissive dike.
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The intrusion, either by emplacement or during cooling, may produce a set of fractures in
u zone adjacent to the dike and reaching out a few meters from it. This condition we refer
10 us New Fractures Alter Hydrautic System 8, (Deluncy et al., 1986).

We presume that the hydraulic connectivity of these fractures suftices to alter the local
hydraulic flow system. The new fracture sets, which occur in a zone adjucent to the dike,
are shown in Skeich4-1, Sketch 42 shows inteructions with the flow system as altered by the dike.
These new pathways to the waste could provide a locally saturated source to the waste
entrained in the dike, which we follow in ¢@p; or, in @, a fracture path to a container. In
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Skelch 4.1, Duting emplacement or cooling, the intruding dike causes fractures in a region
adjacent to the dike and exiending a few melers out from the dike.
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New fracture sets adjacent to the dike provide greater continuity in water

pathways.

Sketch 4.2,



the path &%, the liquid is imbibed along the fractures near the waste (e.g., the terminating
fracture in Sketch 4-5) and enhances unsaturated flow to the containers.

Details of some of the processes possible in the vicinity of a container are illustrated in
Sketches 4-3, 4-4, and 4-5. The Tree Segment and Sketches illustrate some of the different physical pro-
cesses bringing water to the container and spent-fuel debris, and reflect the fact that for a
similar volume of water entering a fracture, the amount of fluid contacting the container and
the duration of the contact are different, The continuation of each process whereby contam-
inants enter the flow system is also shown in these Sketches. 1f flow down a new fracture set
reaches the container, saturated flow mobilization can occur as along @, with the contam-
inants carried down the continuation of the fracture sets (Sketches 4-3 and 4-4) and acting as a
source to either the saturated (Sketch 4-3) or unsaturated flow. If the fracture is blind as in Sketch
4.5, both mobilization of contaminants and transport to the water table occur in the unsatur-
ated flow system.

For a terminating fracture set that is carrying water, one expects movement into the matrix,
with the matrix-fracture (composite model) system still carrying water to the container as
in Sketch 45, Continuing along &%, we recognize that there could then be both unsaturated
and saturated mobilization, producing contaminated fingers and contaminant movement
into the leakage plume. In addition, the possible rapid movement in the contaminant plume
because pores are saturated and fracture flow begins is explicitly included. Each of these
three Sketches has several complicated flow interactions that must be analyzed.
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of thermal and mechanical effects the neighboring containers would see. These effects are
similar to those that would occur if the intruding dike hit no containers. Referring to the
event tree, we find such effects on by-passed containers in a branch called No Waste/Magma Con-
tact yo. Tree Segment 5a is the expansion of the Container Is Disturbed by Microseisms 84 branch of No Waste/
Magma Contact yo.

In this branch, containers are not physically contacted by the intrusion, as shown in Sketch 5-
1. An intrusion on the scale we are discussing is likely to have been accompanied by mi-
croseisms continuing for weeks or perhaps months. While freshly emplaced containers,
which are hardened for shipping, might be infrequently damaged, the same cannot be said
for aging containers. The reader is reminded of the possible states of the container shown
in Sketch 2-3. It should be noted that an important specification in a calculation will be the con-
dition of the spent fuel. When the fuel rods are damaged and broken, fuel will spill. As a
function of burnup, the state of this fuel will be expected to vary from fuel pellets to lumpy
sand, with the latter state more common as burnup is increased. In Sketch 2-3, the center con-
tainer points to a specific problem that may occur even for pristine containers. That problem
is cracking of the container due to the banging about in the hole. This becomes a matter of
concern to calculations because the cracks provide a path for spent-fuel volatiles to escape
to the rock.

There may be three populations of contaminants available to be transported: gaseous com-
pounds escaping to the surface, spent-fuel volatiles that have condensed outside the con-
tainer, and those radioisotopes still in the remains of the container. The escaping gases,
plate-out volatiles (both those that have left the damaged or aged remains and those on the
interior surfaces of a sound container), and solid remains are all included in Sketch 5-2.

&1y allows for release of gaseous compounds from the ruptured container. Supporting cal-
culations and models for this scenario have already been constructed and analyzed by var-
ious workers (Light et al., 1990; Zwahlen et al., 1990; Ross et al., 1992; Van Konynenburg
et al., 1985). This leaves the influence of the thermal field and of the alteration of the strain
field to be discussed.

Tree Segment 5b includes four scenario paths, 62y through 3y, for thermally driven flow as
shown in Sketch 53. In this group of scenarios, intrusion of molten basalt heats its neighbor-
hood, causing dryout close to the dike and perhaps a couple of meters out. Two-phase con-
vection occurs from the water table up, supplying vapor and hot water to the containers.
The boundary of the region experiencing the dryout and convection moves rapidly outward
from the dike and then moves more slowly inward to the dike over a year or two. Added to
the vapor phase are any magmatic volatiles being exsolved or outgassed by the intrusion.
There is a possibility of a saturated flow refluxing past containers located further away from
the dike. How many containers are exposed is a matter for calculation. The system we are
describing is time varying and many details arranged in the tree in a sequence are, at times,
occurring simultaneously and will be modeled simultaneously. Sketches 5-4 through 5-12, pre-
sented in this section, suggest modes of mobilization and transport and are applicable not
only to one or more of these branches, but also to branches discussed in other sections of
this report.

&2 is the branch Transport in the Unsaturated System to the Water Table, which occurs for a relatively cold
dike. As the flow system is re-established around the dike, one expects the plated-out radi-
onuclide volatiles to be the first at risk for further transport. Sketch5-4 is a possible interaction
of these plated-out spent-fuel volatiles with the flow system as the volatilization zone re-
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Dike intrudes potential repository without contacting containers.

Sketch 5-1,
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Spent-fuel volatiles exit waste through gaseous escape, plate-out in rock sur-

rounding containers, or plate-out within intact containers.

Sketch 5-2.
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Sketch 5-3. Components of waste are exposed to magmatic volatiles, including water vapor,

outgassed from the Intruding dike.
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Skelch 5-5, Mobilization and transport ol plated-out contaminant in a locally saturaled
fracture flow system.
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Sketch 5:6. Saturaled mobilization of plated-out spent-fuel volaliles and their transport in the
unsalurated flow system by fingering.
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tracts toward the dike und saturated reflux reaches a plate-out zone, Sketch 8-5 is u case where
the plate-out occurs along a fracture, As the vaporization isotherm permits, locally saturat-
ed flow resumes, resulting in contaminant mobilization plumes that may eventually enter
the unsaturated flow or the saturated flow system, Skeich 8-6 shows a locally saturated region
above a plate-out region responsible for reducing permeability of the affected rock. Subse-
quent mobilization occurs and contaminants again enter the unsaturated flow system, Mo-
bilization of plated-out spent-fuel volatiles was also mentioned in conjunction with Skelches
33and 34,

Along path <83 we surmise that during the few years the dike is hot enough to drive con-
vection, a two-phase convective flow may occur. Related details suggested in Skeich 53 show
a two-phase convection that develops around the dike for the few years of thermal excur-
sion during cooling, and reflux of the two-phase convection, which contributes to mobili-
zation of plate-out and of containers away from the dike. As the dike cools, containers clos-
er to the dike are affected. It should be noted that the water table may act as a source for
this convection. Its participation needs to be included in any models. Details to consider re-
garding mobilization and transport to the water table, involving both unsaturated and satu-
rated flow, are suggested in Skeiches 6.7, 5.8, and 5-9. As the neighborhood of the dike cools fur-
ther, material in the containers (or the container remains) is available to the flow field.

Another contribution to consider along the path including No Waste/Magma Contact v, and Container
Disturbed by Microseisma 8, s the effe * of the dike on any saturated flow to and from the EBS. We
refer to & and &Y. These scenurios proceed as E3 to where the dike alters the flow sys-
tem. There are two alterations indicated in Sketch 5-10: interception of a locally saturated flow
system (e.g., fracture flow) and ponding caused by blockage of lateral diversion in an un-
saturated flow field. In the first case, interception of a locally saturated flow system, we an-
ticipate immediate dryout to some few meters into the rock; the fluid is able to return to the
vicinity of the dike only after the dike has covled. The steam produced in dryout will simply
Join that flowing upward from unsaturated zones. It is possible for a cold dike to have sub-
stantial fracture permeability; in that case the dike would be a conduit protecting the waste
from contact, We see no detrimental effect and therefore disregard this possibility. In the
case that the dike is a sufficient barrier to flow to cause the fluid to seek other fractures lead-
ing downward, we presume there are adequate connections around the drift and through the
stress-altered region to reach containers, The number of containers at risk depends on the
lateral extent of the fracture system. Sketch 5-11 illustrates the effects of the second alteration,
ponding due to blockage of luteral unsaturated flow. In the case of local saturation, the ma-
trix fills and the fractures, in the sense of the composite model of Peters and Klavetter
(1988), carry the excess. This in effect provides locally distributed, saturated flow to con-
tniners, The case in which the fracture is blind with no direct connection to a container is
included in this case. Sketch 511 shows yet another mobilization mode implicit in the diver-
sion caused by the dike. Blocked diverted flow has filled the matrix and initiated fracture
flow (composite model), which reaches the container emplacement hole and might partially
fill the hole. Contaminants are mobilized from the debris in the hole and are transported by
fingering into the unsaturated flow system, possibly coalescing into a plume. Fingers and
the plume are presumed to transport contaminants to the water table.

Sketch 512 illustrates interception of a container hole by a macroscopic fracture (or fracture
set), providing a pathway to a container. Mobilization takes place in the emplacement hole,
which is partially filled with liquid. The leachates are then presumed to leave the hole both
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59



as a saturated flow down the fracture pathway and as some leakage to any unsaturated flow
field, as it might exist, and proceed to the water table.

We again reference Delaney et al. (1986) for a possible alteration of country rock where
emplacement or cooling of the dike produces a fracture set approximately parallel to the
dike and reaching out a few meters from it, i.e. New Fractures Alter Hydraulic System {3, previously de-
scribed in q of Tree Segment 4b. We presume that the hydraulic connectivity of these fractures
suffices to alter the local hydraulic flow system. Following the new fracture sets are
shown in Sketch 5-13, where their interactions with the flow system as altered by the dike are
illustrated by reference to the discussion associated with Sketches 4-3, 4-4, and 4-5. The flow may
occur via a connected fracture path, as in Sketch 5-14, rather than through fractures continuous
in any plane perpendicular to the dike cross section.
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Sketch 5-13, New fracture set parallel to the dike caused by Insertion of the dike.
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Sketch 5-14.
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Tree Segment 6a shows we have an alternative branch to consider under No Waste/Magma Contact 7y,
namely, the case of no damage to the container due to the microseisms (Container is Undisturbed by
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Microseisms 8,). ‘This is intended to describe two cuses: Decayed Containe & in which the container
is in such a state of decay that any damage from ground motion is irrelevant; and Undamaged
Container €5 in which the container survives without being compromised regardless of the
state of the spent fuel debris inside. These distinctions are drawn because heating an intact
container mobilizes volatiles from the fuel to eventually condense inside the container on
the upper walls, providing an already differentiated source when the contuiner does fail,
This plate-out is shown in Sketches -2 and 5-3 in the pristine container. A container that is al-
ready decayed, while it releases its volatiles as the container disturbed by microseisms (dis-
cussed earlier), has released its gaseous components earlier (e.g., 14COj,). For the container
that has decayed to the point of seeing no relevant additional damage, the scenarios are
those in @ through &8 as shown in Tres Segment 6b. Some differences from the earlier sce-
narios for Container Disturbed by Microselsms 84 are in Sketches 6-1 and 6-2. Skelch 8-1 shows u container in
some advanced state of decay. YCO, has already left the container, so the inventory to be
considered is altered. A feature of the history of the decayed container has been added in
this section, namely, that it is reasonable for some of the contaminants to already be migrat-
ing into the rock surrounding the emplacement hole. Radioisotopes distributed in the rock
alter the model of the source by distribution (location) and by chemistry.

Similar arguments obtain for the circumstances involving fractures produced in a zone par-
allel to the dike as a result of the intrusion and included in the tree as g3;. The distinction
here, apart from the failed container at the start, is again the appearance of contaminants in
a plume or halo around the base of the emplacement hole. This “halo” results from mobili-
zation of the radioisotopes from the fuiled EBS, either unsaturated or saturated mobiliza-
tion, For entry into a new fracture set in the saturated mode, the behavior could be depicted
as in Sketch 6.1, There it is presumed that the contaminant halo is interrupted by the new lo-
cally saturated flow system and is actively mobilized, as are the contents still in the em-
placement hole, Conceivably, radionuclides in the halo are already more mobile and will
precede any newly mobilized material down the fracture.

Sketch 6-2 describes the alternate situation of unsaturated leakage (or possibly saturated leak-
age in the composite model mode) from a blind fracture set over to the decayed container
and to the contaminant halo. Radionuclides in the halo are presumably more mobile and are
moved first in the enhanced unsaturated or saturated flow system, with additional contam-
inants mobilized and flowing behind.

At this point we are left with the possibility for the undamaged Container €5, the pristine container
of Sketch 2-3, The thermal load of the dike on the nearby containers could be sufficient to vol-
atilize certain radionuclides. Since they cannot escape, we presume that the volatiles that
have exited the spent fuel will recondense elsewhere in the container, most likely in the
head, as far from the dike as possible, as in Sketches 5-2 and 5-3. Similarly there will be some
readjustment within the intact fuel rods. Whether either redistribution has any significant
impact on the source term or its mobilization remains to be seen. We assume for this dis-
cussion that it does.

A possibility is the development of an active hydrothermal flow system driven by the dike
and accompanied by magmatic volatiles given off by the dike (e.g., SOp, H3S, CO,, Hy0,
HF). The net result is a corrosive fluid that reaches containers. No release occurs unless the
container is breached by this combination of hostile constituents. Note that if the repository
is itself still quite hot, then the nature of the corrosive fluid may change (e.g., relative pro-
portions of HyO and sulfides). A compromised container is shown in Sketch 6-3, where the
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Sketch 6-1. A contaminant halo of mobile radionuclides previously leached into the
surrounding rock Increases contaminants available for saturated transport in the
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Sketch 6-2. A contaminan! halo of mobile radionuclides previously leached into the
surrounding rock increases contaminants available for unsaturated transport.
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sudden release of radioactive volatiles is indicated schemalically, Presumably, there has
been no release until corrosion holes appear in the container, which because of the elevated
temperature, is further pressurized. We thus have the gaseous release scenario of g3y. This
discussion leaves us with the extraction of contaminants of the now compromised container
and their entry into the flow system, similar to the earlier discussion for damaged contain-
ers. In effect the container is now a decaying container as shown in Sketch 6-4, except for me-
chanical damage to the fuel rods, so the scenarios obtained earlier apply with a few obvious
corrections. New scenario path groups, similar to those developed earlier, are and @3y.
This list concludes the discussion of intrusion of No Waste/Magma Contact yp.
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Sketch 6-3, Aggressive fluids from dike breach container; radioactive volatiles escape.
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Tree Segment 7a. Basaltic voicanism, intrusion acts directly on repository o4, dike forms By,
magmatic alteration of waste 3.

Magmatic Alteration of Waste (5D

(3s?)) addresses physicochemical alteration of the waste (Magmatic Alteration of Waste y3). This is
the next discussed possibility for a dike acting directly on the potential repository. In this
case the intrusion contacts waste and alters it in some chemical sense while transporting it.
Waste that is entrained but not altered was discussed in . This is taken to mean more
profound chemical interaction of waste and magma than encapsulation and transport;
because such interaction might alter the form of the waste to enhance its solubility in water.
Spent fusl is relatively refractory; magma temperatures are on the order of 1100 °C.
Basaltic ‘nagma is probably too close to saturation in iron for effective dissolution of
containers and chemical diffusion of contaminants in cooling magma is expected to be
slow. Multiphase eutectic mixtures of magma and these contaminants are not known or
known to have been investigated. However, we are compelled to consider all these
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possibilities, particularly as dikes are known with substantial radioactive signatures. In
addition, waste from reprocessing is currently expected to be in glassified form. Glass
waste softens and melts below magma temperatures, so contaminants from such waste
could react with the magma or dissolve in it. The source term for mobilization must be
altered accordingly. While we will continue with the discussion as if the waste were spent
fuel, the reader is asked to recall that other waste forms are possible and that those forms
affect the source term and the mobilization of contaminants.

We have encountered the events and processes of 71y and 7-2 in the left branch Waste Trans-
ported to the Surface 81 in an earlier discussion describing (Z3y through <2%. Those scenarios in-
cluded direct transport to the surface with direct exposure and surface weathering. Except
for radionuclide distribution in the extrusion, the observations are the same.

Likewise 73y, the Convective Flow System Established £, branch of Hydrothermal System Develops 8y, is as dis-
cussed in (7s9). In (75D we presume that pockets of dissolved spent fuel persist, and that
flow in the dike is not well-mixed (Carrigan and Eichelberger, 1990; Valentine, 1989). The
general movement is up the dike with the magma. No circulation of water to mobilized
waste is possible until the dike has cooled and solidified. It is conceivable that the dike
could provide a transient single-phase convective flow system that mobilizes contaminants
out of the dike into the normal flow system, which is re-establishing itself. These processes
are contained in Sketch 7-1. Once these contaminants have entered the flow system, they are
presumably transportable to the water table.

It is unclear how the now familiar possible fracture sets parallel to the dike of Sketch 7-2 would
allow enhanced access to mobilized waste in the structure of the dike except if the fractures
add to the pathways in formation of a hydrothermal system; accordingly we have New Fractures
Enhance Connections 5. We have noted the possibility that the dike intercepts or forces the for-
mation of a saturated flow system. This is shown in Sketch 7-2, where the dike blocks a locally
saturated flow system and thus forces ponding. This feeds flow down the dike and down
fractures caused by the dike and finally causes fracture flow. Tres Segment 7, under Dike Intercepts
Saturated Flow System {,, distinguishes between flow directed to the potential repository and flow
down the dike. In both cases the targets of the flow for mobilization are the dissolved pock-
ets of contaminants. In the former case, , the contaminants have been transported later-
ally into the voids in the backfilled drift. They see the backfill below and possibly around
them; that is, they are in contact with a classical porous medium while encased in a solidi-
fied, tabular mass of magma. This situation is shown in Sketch 7-3. The mode of further trans-
port, saturated or unsaturated, depends on the characteristics of the Topopah Springs and
Calico Hills immediately below the drifts 1s well as on the nature of the stress-altered re-
gion arou id the drifts and containers. Wit respect to the second case, Enhanced Flow to Waste in
Dikes Nz, 787 , flow down and through the dike is necessary to reach the dissolved waste, Sketch
7-2 shows how saturated flow could be made available by the dike. We expect that the dike
could itself be fairly well fractured in the course of cooling. The saturated flow caused by
blockage of lateral, unsaturated flow or of locally saturated flow is directed down the dike,
mobilizing contaminants where they are accessible, as shown in Sketch 7-4. The dike and its
fractures are then the conduit system for transport to the water table.

This completes the discussion of scenarios involving Magmatic Alteration of Waste 3.
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Sketch 7-1.

Hydrothermal system with magmatic alteration of waste.
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Waste is Fragmented and Entrained

Perhaps the most dramatic evidence of basaltic volcanism, as shown in Sketches 1-1 and 8-1, is
the appearance of a cinder cone. There are a number of such cones south and west of Yucca
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Basaltic cone forms.

Sketch 8-1.
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Mountain; these have been studied in some detail (Wells et al., 1990). We will choose the
typical cone of our paradigm from this set and presume a cone will form.

These cones appear to be polycyclic eruptions, with the last eruption at Lathrop Wells cone
perhaps 25 thousand years before present (Wells et al., 1990). There seems to be a phreato-
magmatic component to the eruptions, followed by stromboliun ash and scoria contribu-
tions. The observations of polycyclicity and initial phreato-magmatic eruptions suggest re-
turn of the water table to roughly its pre-eruption regional level between events. Phreato-
magmatic eruptions would be expected to produce a different size distribution of particu-
lates and fines of constituents. We will presume that every eruption begins as a phreato-
magmatic event and proceeds into a strombolian event.

All of the scenarios developed here involve rapid removal of waste and its ejection in par-
ticulate form or in a lava at the surface, where direct exposure or surface weathering pro-
duces an immediate or an eventual biological impact.

The basic issue is how material being ejected to form the cinder cone interacts with the po-
tential repository. This interaction defines the number of containers at risk. In effect we are
asking about the plumbing of the cinder cone and the initial and repetitive use of that
plumbing. The problem with the plumbing is illustrated in Sketch 8-2, Generally the vent size
is small; one to two meters would be a typical diameter. This means that unless there has
been horizontal flow in the dike during emplacement (which is possible), only one contain-
er can be in the vent, Unless the vent plumbing wanders on each reactivation cycle, only
nearest neighbors seem to be at any risk. We lack information on how flow in the dike fo-
cuses to a single vent, and understanding of the deeper processes in the dike contributing
to the dynamics of flow to vents. Containers are currently expected to be emplaced within
a drift perhaps 5 meters apart (pitch) with drifts separated by 30-40 meters, if the SCP-CDR
reference configuration (SNL, 1987) is the emplacement mode chosen. Erosion by repeated
eruptions is not expected to cause rapid growth of the vent, as evidence suggests little if any
growth once the conduit is established. Even if erosion does occur, unless there is a mech-
anism for the conduit wandering about, or creation of alternate conduits, only single con-
tainers in a row appear to be at risk, as suggested by Sketch 8-2. Note however, the specifics
of this interaction may change for alternative container materials, waste forms, and partic-
ularly alternative modes of emplacement. These specifics are to be addressed in the detailed
modeling of scenarios; the overall structure of Tree Segment 8 may remain unchanged. The ex-
act behavior of the plumbing system supplying these cinder cones has not yet been re-
solved.

The process of entrainment of fragmented fuel can also be seen in Sketch 82, We have no data
on how fuel would be mechanically broken by such a magmatic flow. Reasonable analogy
exists, however, in plucking of lithic fragments from depths of rock similar to those of the
potential repository (Crowe et al., 1983). One should also observe that spent fuel, in partic-
ular high-burnup spent fuel, might be expected to have the consistency of lumpy sand.
There is an additional complication for the initial flow up the conduit; flow passes through
the stress-altered region around the drift. Voids in the drift could be expected to interact
with the magma flow system, perhaps relieving the driving pressure and reducing vesicu-
lation. This is a matter to be modeled.

So far we have discussed what amounts to the source term for the surface deposition of all
the ejecta. A plan view of the surface deposition of the volcano in Sketch 81 is drawn in Sketch
8-3. Since the paradigm for the cinder cone and associated ejecta (including flows) is the
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Vent of cinder cone through the potentiel repository intercepts a waste con-
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Sketch 8-2.
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Sketch 8-3. Domain of ash fall and domain of lava flow in relation to the volcanic cone.

83



Lathrop Wells cone, numbers are available for the dimensions in the plan view (Wells et al.,
1990). The extent of the ash fall is somewhat more problematic; however, the interested
modeler can get guidance from Link et al., 1982, and a number of references on plumes and
particulate deposition given there. Sketch 8-3 shows the region of risk for direct exposure of
<&, and establishes the circumstances of the depositions for scenarios involving surface
weathering. In this respect we are referring to surface weathering, which we previously dis-
cussed in (@ of (s and refer to now for the paths through &7y. The processes are
the same as those for the discussion of a lava flow being eroded and infiltrated, except the
amount of waste brought to the surface, its distribution, and the geometry of the surface be-
ing weathered are different for a cinder cone.

It is possible that contaminants accumulate in the wash at the bedrock/alluvium interface
and are gradually mobilized in the unsaturated flow system, eventually to be transported to
the water table. Even though this possibility exits, release of radionuclides from this path
involves transport over a greater distance to the water table than for material in the potential
repository; so, unless chemical studies suggest a reason for greatly enhanced mobility of
the waste that has passed through the volcano, we will consider resulting releases insignif-
icant.
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Referring now to Tree Segment 9, we see the second branch below Basaltic Cone Forms 4, Waste is Altered
Chemically / Thermally and Entrained 8o, which considers waste chemically and thermally altered be-
fore being belched ~ut onto the cinder cone. The difference between this branch describing
chemical/thermal alteration of the contaminants and the just discussed branch in Tree Segment
8 describing mechanical fragmentation and entrainment will appear in the specific modeling
of the chemistry involved in the leaching and mobilization processes. All descriptive fig-
ures, at the level of detail we are specifying so far, remain unchanged. Accordingly we will
simply refer to the preceding scenario and scenario group paths of and the weath-
ering processes detailed in (7s2), and remind the modeler and reader of the implicit details
that are required.

This leaves us with ouie remaining topic for the formation of the cinder cone and ejecta,
namely Waste Entrained in Ash Plume 83, the branch containing the formation and deposition of the
ash cloud. The ash cloud is distinguished from the other ejecta by the sizes of particulates
and by the area of deposition. Local winds, as well as particulate size, control the footprint
(e.g., the ash fall region of Sketch 8-3) for deposition of the ash, a footprint that can extend
over a substantial area much bigger than the mountain. Biological exposure is by the same
processes discussed for ejection of scoria and cinders in the formation of the cone, and sug-
gested processes are shown in Sketch 9-1; however, density of contamination would be much
reduced. This reduction is a result of few containers being at risk and much dilution. Dis-
persal of such ash plumes seems reasonably well understood (Link et al.,1982).

As before there is a direct exposure scenario @iy, similar to the previously described
branch of the same name in (Ts2).

To continue, we first consider the case of contaminants from the ash fall deposit mobilized
by percolating water. Ash fall deposits are known over a considerable range of variation in
thickness; however, our paradigm is a cinder cone like Lathrop Wells Cone. This suggests
depositional thicknesses of tens of centimeters at most. Precipitation percolates through
this layer, contacting fine particulates containing contaminants. Whether percolation is
down fractures or as unsaturated flow will depend on details of formation of the ash fall
(which affect temperature, water content, etc.). Sketch 9-2 illustrates the processes. Because
transport to the water table, save for reexposed contaminants, must pass through the flow
system for the rocks under the ash fall and therefore involves hydrologic detail, we are rep-
resenting these processes simply as @2y, to be resolved in more detail if necessary.

The corresponding branch for contaminants affected by singular events (rapid snow mellt,
runoff from thunderstorms) has a number of possible shorter paths to biological effects.
Clearly this expansion is similar to the expansion for Waste Fragmented and Entrained 84. Our general
understanding is that the source has changed in the sense of dispersal, contaminant density,
and encapsulation in the rock (now ash fall), but the fate of radionuclides after mobilization
from the source is essentially the same. We therefore appeal to the same arguments offered
earlier and list through @7. Those possible scenarios in which the contaminants act
as a source for the unsaturated flow system to transport mobilized radionuclides are ignored
on the grounds of too long a residence time. However, in this case, if the ash fall covers
areas where such transport is found to be more rapid or the distance much shorter, we will
include such in the collection of scenarios.
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A sill is a horizontal or subhorizontal intrusion that occurs as an extension from a dike. It
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is observed that a sill intrudes along a weakness and displaces (lifts) the overlying structure.
According to data from two boreholes (Carr, 1982), two shallow sills are known to occur
in Crater Flats. Our paradigm is the intrusion of a sill (or sills) along the horizon of the re-
pository drifts. The paradigm dike, which feeds the sills, crosses the plane of the repository.
In so doing it intersects the drifts and the stress-altered region around the drifts. We previ-
ously suggested two possibilities. The first possibility, shown in Sketch 1-2 and described in
the branch Drit Void Space Filled 34, the subject of @80, is that the intrusion flows into the drift
filling void space, thus relieving the driving pressure. The second possibility is that the in-
trusion not only flows into the drifts but causes fractures between drifts, thus forming a
large tabular structure as in Sketch 1-3 and described in both Tabular Sill Bridges Between Drifts 8o (the
subject of @M and (™), and Tabular Sill Hinged Model 83 (a variation of these two Tree Segments).
Each of these 8 branches considers three possibilities: one, there is no physical contact be-
tween magma and waste; two, that there is contact that alters the waste; and three, that there
is contact which encapsulates the waste. We need to consider these details of the intruding
sill because such details affect how the flow system interacts with the waste, and help es-
tablish what the source term (in the chemical sense) looks like.

We will first consider the case in which the sill forms in the drift void space. In the case of
Drift Void Space Filled 84, the sill fills the void space in each drift cut by the dike to some distance
determined by bulkhead spacing, by driving pressure and actual void volume; an example
is shown in Sketch 1-2. A void volume will exist, even if the drifts are backfilled, because drifts
cannot be refilled to original density but will have a residual density of around one half that
of the surrounding country rock. Settling and bulldozing by the flow will allow penetration
into some part of the void space. The net effect is a cap over the containers, on the order of
five to ten meters away. For some alternative emplacement modes the containers could be
suspended in the sill; such circumstances are specifics for detailed modeling and are not il-
lustrated here.

One possibility is that the sill occurs or extends below the drifts to include the waste con-
tainers. At present it seems more likely that the location of the sill will be biased by the
drifts, but the possibility of encapsulation of containers needs further consideration. We
note that for our choice of paradigm the presumption is no physical contact between waste
and magma. The presence of the stress-altered region around the drifts and the containers
allows for a more complicated interaction to occur, at least in speculation. Whether there
can in fact be such interaction is a matter for calculation and experiment.

Following <oy, we observe the infilling of void space (8;) with No Waste/Magma Contact 4 illus-
trated in Sketch 10-1, The interaction is limited to thermal effects (Hydrothermal System Develops 1)
produced by the magma and to chemical interactions with any volatiles from the magma
(e.g., SO, H,S, H,0). A volatilization isotherm is shown around an intrusion in the drift
and reaching the containers. This cartoon includes fractures caused by emplacement of the
drift. We expect heat transfer (primarily conduction) to initially close fractures, as is the
case when the repository is initially loaded, and then during cooling produce additional
fractures. Backfill, being of a lower density than the country rock, should act as a heat con-
duction barrier mitigating the thermal excursion at the containers. If the temperature of the
containers is elevated enough to cause release of volatiles it is likely they will migrate lat-
erally, probably condensing along fractures in the stress-altered region, with some volatiles
possibly disseminated in the backfill when the sill has cooled. This dispersal is also shown
in Sketch 10-1. The region of condensation is a concern only because it moves some contami-
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Sketch 10-1. Heat from an Intrusion reaches containers causing plate-out of volatiles.
Mobilization of plate-out occurs as volatilization isotherm regresses.
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nants out into the flow system away from the sill, so a threat may exist, even if the sill pro-
tects the remainder of the waste. Further development of this scenario requires some spec-
ification of how the flow system couples containers to the sill.

A heat source located above the region in which convective flow is established is a relative-
ly ineffective driver of convection. Essentially the containers and waste are exposed to the
return flow of a weak convective cell; most of the flow is above the sill. Be that as it may,
the potential for flow to the containers, particularly a locally saturated return flow, remains.
Corresponding mobilizing of contaminants by a locally saturated flow system and by an un-
saturated flow system are in essence the same as those discussed and illustrated in connec-

tion with .

Because sills can be relatively impermeable, they could act as traps, capturing reflux atop
themselves after pumping fluid above themselves and then cooling. This is the case in @y .
Each sill-covered drift would then be the base of a perched water body able to bring fluids
down to the repository either through cooling fractures or simply by deflection, as around
the edge of an umbrella. We find these possibilities just barely plausible because of the vol-
ume of rock between drifts. We simply indicate the state of affairs in Sketch 10-2, and describe
this relatively undifferentiated scenario.

Referring to the Tree Segment 10 we have just been discussing, there is a second branch of No
Waste/Magma Contact £ labelled New Fractures Alter Hydraulic System {,. We presume that, as in the corre-
sponding case for the dike, the intrusion may produce a set of fractures parallel to the drift
in which the sill has formed, and above the sill. The masticated backfill is less likely to sup-
port formation of such fractures. Sketch 10-3 shows the formation of a set of crown fractures
resulting from insertion and subsequent cooling of the sill in the drift. If the flow system is
unsaturated, these fractures would be a barrier to flow, For saturated flow, e.g., the fracture
flow of ¥, in particular for the reflux flow from a condensation cap produced by a sill-
driven two-phase convection, the fractures would offer paths around the sill. The flow
could possibly reach the containers through connections to other fractures in the stress-al-
tered region. The behavior of these crown fractures induced by the stress and thermal load
of the sill in an already stress-altered region requires rather careful analysis.

The control of the source of fluids by fracture systems subparallel to the sill is the unusual
feature here in these scenarios of for the saturated case and for the unsaturated
case. Once the control is identified, the scenarios proceed with mobilization and transport
similar to those described previously.

One possibility is that the sill occurs or extends below the drifts to include the waste con-
tainers. At present it seems more likely that the location of the sill will be biased by the
drifts, but the possibility of encapsulation of containers needs further consideration. We
note that for our choice of paradigm the presumption is no physical contact between waste
and magma. The presence of the stress-altered region around the drifts which encompasses
the containers allows for a more complicated interaction shown in Sketch 10-4 to occur, at least
in speculation. Whether there can in fact be such interaction is a matter for calculation and
experiment. If the drifts are filled as sills form, it is conceivable that magma and waste
could come into contact in the following manner. Fractures associated with the stress-al-
tered region and with emplacement could act as conduits allowing contact. Such conduits
(the fractures) have a large surface area in contact with a substantial volume of rock. We
expect that flow down any such fractures will chill rapidly and freeze in place before reach-
ing the waste, particularly if the backfill in the drifts becomes involved. Therefore, although
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Sketch 10-2. Impermeable sill traps reflux, forming a perched-water flow system above the
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Crown fractures form above drift-filling sill and alter hydraulics.

Sketch 10-3.
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Sketch 10-4. Magma reaches waste through fractures formed upon driving of drift.
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a number of scenarios could be constructed using fracture conduits to fill the container and
waste void spaces with magma, the magma entering fractures will likely cool to form apo-
physes rather than continuing along the fractures.

There is an additional feature of sills near the repository that requires consideration, but
which we leave to the modeling. Igneous intrusions exolve volatiles (H;S, CO,, CO,
H,S0,4, Hy0, HF) during emplacement, which may be extremely hostile to waste contain-
ers. Transient interaction of these volatiles and the repository can occur even if the intrusion
is so far above or below the waste containers that the intrusion does not itself contact con-
tainers.
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of which produced a tabular structure as in Sketch 1-3, connecting several drifts. We return to
that discussion, referring to Tree Segments 11 and 12.

In the tabular sill cases, we presume a preferential fracturing in the plane of the potential
repository drifts because of stress and strain interactions between neighboring drifts (Brady
et al., 1985; Serata, 1974). The space filled by the sill is created by a wedging of the over-
burden accompanied by fracturing perpendicular to the sill flow direction. Sketch 11-1 shows
the tabular sill with perpendicular fractures in the overburden as a result of the intrusion.

To expand the No Waste/Magma Contact €4 part of this branch of the tree, we first follow 5. In
the case of Tabular Sill Bridges Between Drlfts 85, we are, as in the case of Sill Fills Drift Vold Space 84, trying
to drive a convective system from above. The sill forms a hot cap. Convective flow of fluid
above the sill reaching the containers below can occur only at the edges of the sill. The be-
havior of the flow system, convection and reflux, necessary to provide fluids to the contain-
ers is shown in Sketch 11-2. Recall also the vertical fracturing, caused by inflation during in-
sertion of the sill. These fractures in overlying beds, while not extending to the surface, pro-
vide pathways for rapid flow of vapor away from the sill. When the sill is cool, these same
fractures should provide barriers to unsaturated flow (capillary flow) and conduits for lo-
cally saturated flow. Interactions of the fluids with the containers and contents are similar
to previously discussed models. Saturated and unsaturated mobilization and transport are
sufficiently intertwined here that we will leave any differentiation to the modeler for reso-
lution.

We continue to iy, which includes scenarios involving perched water. In Sketch 11-3 we see
the possibility that fluids could accumulate on a cool sill, reaching the waste containers
through fractures in the sill, by flow around the sill, or simply by unsaturated leakage
through the sill. Such circumstances show a mass of perched water accumulated on the sill.
We intend to allow for episodic accumulations and flow as well as pseudo-equilibrium flow.
Clearly, full modeling of such perched water requires a complete specification of sill flow
properties, including fractures and characteristic curves.

Our reference tree has a branch parallel to Hydrothermal System Develops &4 in Tree segment 11: namely,
New Fractures Alter Hydraulic System o, along <fiy. Some of th~se new fractures are indicated in Sketch
11-4. We are presuming a sill cold enough to allow return of liquid in the unsaturated and in
the locally-saturated flow fields. For the unsaturated flow, the presence of these roughly or-
thogonal sets of fractures will provide capillary barriers to flow with possible episodic frac-
ture flows, producing essentially local, transient perching atop the sill. Such perched water
is then the source for locally saturated flow around the sill or down cooling fractures
through the sill.

Determination of actual behavior is so dependent on data that have yet to be collected and
analyzed thai we forgo a more detailed expansion of what we expect to be second-order
contributions to contaminant mobility. Accordingly, the group of scenarios of .y is noted,
but not discussed further.

A cross-sectional view of the mountain showing the emplacement appears in Sketch 11-5. It is
unclear that a sill much below the waste or much above the waste could cause an increase
in radionuclide releases to the accessible environment, However, as remarked above, there
is some possibility for interaction of aggressive volatiles from the magma with waste con-
tainers. The threat is transient and we do not yet have data on how close the sill must be to
containers for the threat to be significant.
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Sketch 11-1. Tabular sill bridges between drifts and fractures overburden upon insertion.
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Cold Sill
Fast Path

Hot Sill
Fast Path

H,0 Two-Phase Flow

Sketch 11-2, Two-phase flow from hot dike and possible pathways to containers and waste,
including fast path away from sill through fractures.
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H,O Two-Phase Flow

Sketch 11-3. Ponding on sill and subsequent possible water pathways to containers.
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New
Fractures

Sketch 11-4, New fractures In the overburden parallel to sill alter flow.
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Tubular Sill Bridges Between Drifts

This leaves us with the discussion of direct interaction between waste and magma in Tres
Segment 12. Two branches are distinguished in this Tree Segment, Magmatic Alteration of Waste €5 and
Envelopment o Waste e5. These branches were of little importance earlier, in the model where only
the drift void space was filled, because the total volume of magma available in the sill was
no more than half a drift volume every 40 meters. In the case of Tabular Sil Bridges Between Drifts 55,
at least five or six times that volume of magma is available, making more thermal energy
available to heat the waste containers. This would imply higher temperatures in the rock
over a larger rock mass. Under these circumstances we need to consider magmatic fluid
flow through the stress-altered region around the drifts, including the container-
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emplacement holes. We do ngt expect substantial physical transport of spent fuel by
apophyses of sill running through the fracture system. Rather we can suggest fracture-
filling apophyses intersecting the emplacement hole, a hole that is simply a vug with spent
fuel and container as a filling. Even for a substantial sill, these apophyses should chill
rapidly because of the large surface area. If there is any movement of contaminants, it is
into connected fractures as a network of contaminated fracture filling. This set of
circumstances we describe with Skelches 12-1 and 12-2, which represent basalt magma leakage
driven down a set of fractures to the container. Recall that fractures have small apertures,
so magmatic flow is limited by heat transfer and is not likely to proceed very far. Also, these
small apertures limit the size of spent-fuel debris that can be carried anywhere. In all
likelihood the net result is a source distributed over a modestly larger volume than a
container, but a source surrounded in chilled magma. Water flow will reach this waste with
difficulty after connecting fractures are closed by the magma. We have identified a scenario
described in @y

Since the sill, when cold and intact, has the potential for blocking flow, perched water could
form over the potential repository. Our reference tree recognizes this possibility in ¥ as
a consequence associated with a hydrothermal system. Accumulation of perched water and
the fracture sets caused by sill injection appear in Sketch 12-3. Those injection fractures could
provide pathways for flow of accumulated, perched water to and around drifts to the waste
containers. Interaction with the waste, which has interacted with magma from the sill, is
shown in Sketch 12-4. This figure combines both locally saturated flow and unsaturated flow.
Despite separation into two branches in the reference tree, this will be regarded as a scenar-
io group with differentiation occurring in modeling of flow.

Tree Segment 12 considers New Fractures Alter Hydraulic System by reference to (F) in addition to Enhanced
Mobilization of Contaminants, as did Tree Segment 11 where the related discussion occurs.

Our paradigm for the scenarios presumed that insertion of the sill was biased by the pres-
ence of the drifts. It could be that the location of the sill is influenced by the first contact
with the stress-altered region around the drifts. If so, we need to discuss intersection of the
sill with containers even though it is not part of the paradigm. Because there is no outlet,
the contents of the containers are entombed in the sill; these scenarios are in group @2¥.
Movement of the spent-fuel debris depends on the thickness of the sill relative to container
size. Sketch 12-5 includes a sill formation that intruded the spent fuel containers’ horizon. We
presume that container damage or already existing degradation will allow dispersal of
spent-fuel debris along the sill and that void spaces where the emplacement hole sticks out
of the plane of the sill will be filled with magma as well. Dr. Borns, in reviewing this doc-
ument, suggested the sill could supply a secondary vent. We have not included such a pos-
sibility, because we don’t know enough about the plumbing. This is a matter of concern
which needs to be addressed further and possibly included as another scenario.

In (2 we have a two-phase convective flow system heated from the level of the containers.
During the cooling phase of the sill, the most important contribution of fluids to waste con-
tainers seems to be off the edge of the sill where condensed fluids can flow to neighboring
containers, This idea is also pictured in Sketch 12-5. No explicit distinction has been made be-
tween unsaturated and saturated transport in this path,

We next move to 2. As the sill cools and the flow system that was disturbed becomes
reestablished, it is possible that perched water accumulates on the sill. This perching and
subsequent flow are indicated in Sketch 126, Presumably the sizes of perched water bodies are
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Sketch 12-1.

Magma, extending from sill, reaches containers by traveling along fractures in
the stress- altered region.
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Sketch 12-2. Magma reaches container through small connected fractures and carries away
contaminant debris from the container.
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Water accumulates along the fracture set resutlting from sill injection.

Sketch 12-3.
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Sketch 12-5. Sill intrudes waste container horizon encapsulating spent fuel debris.
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e ; Perched Water
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Unsaturated
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Spent Fuel Debris

Sketch 12-6. Perched water accumulates on cold low permeability sill, finds pathways to
contaminants, mobilizes waste, and transports waste contaminants to the
saturated zone.
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limited by the cooling fractures and by the permeability of the sill. Contaminants are dis-
tributed in the sill and subjected to both saturated and unsaturated mobilization processes.
As indicated in the Sketch, contaminants can then be transported in locally saturated flow sys-
tems or in the unsaturated flow system. We again leave the distinction to the specifics of
modeling. Our tree refers to a branch New Fractures Alter Hydraulic System in three separate Hydrothermal
System Develops {4 branches within (G). It appears that such fractures already need to be includ-
ed in modeling of the convective flow system and in formation of perched water; further
discussion would appear to be redundant. If experimental and field data suggest otherwise,
we will reexamine the issue.

In the third sill model, suggested by a consultant (Dr. D. Borns, SNL), the presence of faults
perpendicular to the direction of intrusion could allow hinging at the fault to accommodate
the necessary uplift without obligatory creation of fractures perpendicular to the sill flow,
as depicted in Sketch 12.7. The Ghost Dance fault has been picked as a specific example. In
the discussion of effects of sill formation, Dr. Borns suggested that as the sill intrudes from
the feeding dike, uplift is hinged at the nearby fault so that displacement can occur with lit-
tle additional fracturing. The possibilities for waste/magma interaction associated with the
bridging sill can still occur in this model.

There are two differences from the scenarios developed for a tabular sill bridging between
drifts without hinging. The first is that the systematic fracturing above the sill is probably
much reduced, so alterations to the flow system, including the hydrothermal flow system,
must be reconsidered. Second, movement along the hinge may alter the flow system down
the fault, both above and below the potential repository. An example of such alteration ef-
fects on perched water is shown in Skeich 12.8. Essentially the scenarios produced here are
identical to those produced under discussion of the tabular sill except for fluid flow directed
by the hinge fault. Rather than repeat the earlier discussion, we will mention only 2%, and
indicate the changes by inclusion of Sketches 12-7, 12-8, and 129,
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Sketch 12-7. Hinge model for a sill inserted in the vicinity of a fault requires no fracturing of
the overburden. Overburden displacement is greater a! the dike edge than at
the hinge edge.

17




New Perched
Perched Water Mound Water Zone

Cooling Fractures

Ghost Dance Fault/

(hinge for insertion of sill)

Sketch 12-8. A perched water system forms above the sill, mobilizing encapsulated waste
into the flow system below the potential repository.
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Perched Water Zone

Ghost Dance Fault
(hinge for insertion of sill)

Sketch 12-8. Implications about saturated and unsaturated transport below the slll.
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Intrusion Acts Indirectly on Repository (ay)

In the oty branch of the event tree, we consider effects at the potential repository produced
by an intrusion that does not intersect the potential repository. We expect that dikes and a
cinder cone can alter the direction of flow and provide impoundment. That is, at the surface,
dikes and a cinder cone can alter surfuce drainage, by redirecting flow and by damming
washes, causing ponding. These effects alter local recharge. In the subsurface, one would
also expect redirection of flow by damming (which would alter head and direction) or, in
some cases, by providing more transmissive conduits for flow. In addition there are other
possible effects. Intrusions could provide transient hydrothermal fluids and they could pro-
duce a reorganization of flow at depth, directing hotter fluids to the potential repository. The
other possible effect is alteration of stress state at the potential repository because of em-
placement of the intrusion and/or emplacement of the magmatic source.

The actual consequences of intrusion on the saturated flow system depend on how the real
system behaves, Currently we have several interpretations of the saturated zone, interpre-
tations that will be resolved during site characterization. Scenarios constructed for this re-
port reflect current alternative models of the flow system as we understand them now. We
begin discussion of indirect action on a potential repository with the Ponding 8, branch of A-
teration of Surface Drainage B4 and Surface Damming y shown in (7813
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Tree Segment 13a. Basaltic volcanism, intrusion acts indirectly on repository o, surface drainage
altered P4, surface damming y;, ponding 8.

Surface Drainage Altered, Surface Damming, Ponding

This part of our reference tree is seen in Tree Segment 13. Sketch 13-1 shows the occurrence of a
dike and a cinder cone with lava flow at Drill Hole Wash, north of the potential repository
along a trend perpendicular to the direction of least principal stress; and, similarly, a dike
and cone in Solitario Canyon, west of the potential repository. For the following scenarios
based on ponding, a cinder cone has grown just outside the wash and a lava flow has run
down to block the wash, illustrating one example of how ejecta and lava flow might block
the wash, producing ponding and possibly altering local recharge. Local recharge would be
altered because ponding would give sufficient time for infiltration of fluids, which would
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Sketch 13-1. Dike and lava flow block drainage of Drill Hole Wash and Solitario Canyon.
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otherwise run further down the wash and be evaporated from the alluvium. An ash fall or
scoria could be substituted for the lava flow. A mechanism is necessary to carry fluids from
the pond to interaction with the potential repository. Leakage from the pond and
presumably saturated alluvium beneath it could feed a locally saturated flow system in
faults and fractures as in Gy and 3 . Suggested details of this movement of fluids down
the faults and through the fracture system are in Sketch 13-2. The same ponding could feed the
unsaturated flow system, as with (33 and fa3 and as suggested in Sketch 13-3. Both of these
Sketches are drawn for a wash not over the potential repository, a circumstance that requires
lateral migration to occur before a possible threat can be considered to exist. It is
conceivable for the wash and pond to extend over the potential repository if the dam (dike,
lava flow, or cinder cone) doesn’t extend over the potential repository. We will leave this as
a special case for modeling.

For these cases of indirect effects, the thermal output of the dike has for most purposes been
removed from the problem. As mentioned in the introduction, we have presumed that the
thermal output of the potential repository established the initial conditions at the time of the
intrusion but that thermal effects were dominated by the hot dike. When modeling is more
advanced, we will know whether this presumption suffices or whether separate scenarios
are needed for the cases of hot and cold repository. In the case of a more remote intrusion,
however, the thermal output of the potertial repository is important. It will determine how
these additional fluids reach waste. In further expansion of the tree, these effects need to be
added. This is done by distinguishing between a Hot Repository and a Cold Repository.

A Hot Repository we defined for these considerations as one whose thermal output from con-
tainers is sufficient to produce two-phase convective flow substantially greater than that
caused by the geothermal gradient. Path {3 includes ponding with saturated flow to a hot
repository. We have chosen not to distinguish between saturated transport and unsaturated
transport in the text, but rather to say that once additional fluids are available to the EBS,
containers, and waste, the mobilization and transport modes discussed in the Tree Segments 2
through 6 would apply. Detailed thermal modeling will have to be done to realistically es-
timate how fluid will circulate around the hot repository.

The heat-producing period, as currently planned, is only a small fraction of the potential
repository lifetime. The cold repository is exposed to the possibility of a saturated flow sys-
tem conveying fluid from the surface pond. This occurs basically over the normal geogra-
dient in temperature, so temperature is only a weakly coupled dependent variable. These
fluids could continue down fractures to the waste container, essentially providing a saturat-
ed bath for interaction with the container and waste similar to the processes for this inter-
action in (7sd. A possible alternative is that a fracture leading to the waste dead-ends but
that fluids leak from the fracture into the rock matrix to form an unsaturated plume continu-
ing to the container. This also is a previously discussed process that is illustrated in (7s4)
Sketch 4-5. The process includes contaminant movement in a plume and in fingers fed by the
unsaturated plume, thus completing the discussion of 3 .

Path {3 considers leakage from the pond to the unsaturated flow system above the water
table as Sketch 13-3, which shows the movement of an unsaturated plume flowing near enough
to the potential repository to interact with the heat generated by the waste. Although the
vapor phase can interact strongly with the container and waste, only volatiles can be
transported until liquid water in the form of the unsaturated plume or the condensate can
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Ponding ; Lava Flow

Sketch 13-2, Impounded water leaks into a locally saturated zone consisting of faults and
fractures extending laterally to the potential repository.
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Ponding Lava Flow

Leakage
From Pond

Sketch 13-3. Leakage of impounded water into the unsaturated zone, enhancing flow to the
potential repository.
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reach the waste. Therefore, processes described as mobilization and transport occur when
temperature allows liquid water to return to a container. An extreme example of the return
of liquid water is that of reflux from a condensation shell (Sketches 13-4 and 13-5), which would
form outside and above the vaporization isotherm (and presumably around it as well). This
condensed water vapor (now liquid) would be greater in volume than otherwise because of
the supply from the recharge from ponding. Gravity and capillarity would then bring part
of this fluid to the containers. Because heat production is a continuous process, conduction
and convection are also continuous--there is no off/fon switch on fluid reflux from the
condensation shell. Therefore, exactly how the process behaves needs more investigation.

We still have in 3% the possibility that the leakage from ponding occurs when the potential
repository is cold, as it will be for most of the regulatory period. Ponding would add fluid
to the unsaturated flow system, enhancing flow to and past the waste. If increased flow im-
plies enhanced failure of the EBS, we would expect more rapid release.

As stated before, mobilization and unsaturated transport are represented in previous discus-
sions. We recognize a general unsaturated transport and the possibility of fingering in this
process. It is possible, because of property changes in the rock, for some locally saturated
flow to occur in the composite-model sense and in the sense of fracture flow. We have not
shown this; it is a detail of modeling that we presume will be implicit in the code calcula-
tions. We simply identify the saturated extension, Saturated Transport to Water Table 14, of (3.9 .
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Tree Segment 14a. Basaltic volcanism, intrusion acts indirectly on repository oo, surface drainage
altered B4, surface damming 74, direction of surface flow altered 5.

Surface Drainage Allered, Surface Damming, Direction of Flow Altered

In addition to ponding as a consequence of surface damming, the direction of surface flow
(and subsurface infiltration) could be altered. Examples of this are blockage across Forty-
Mile Wash so that the wash is forced to migrate westward and cut a new channel closer to
the potential repository, and blockage across the extension of Drill Hole Wash in Midway
Valley that produces a similar migration. Both of these examples are illustrated in Sketch 14
1. No new direct connection to the potential repository is postulated, so continuation of the
Tree Segment 14 mimics the branch below ponding. Namely, there may be leakage (infiltration)
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New Channe! 40-Mlle Wash

Old Channel

Sketch 14-1, Dikes blocks drainage from Drill Hole Wash or Forty-Mile Wash,
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Sketch 14-2. Dike causes flow channel to migrate closer to potential repository.
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to the unsaturated flow system and enhanced saturated flow. In both cases, there must be
some lateral migration to the potential repository. As seen in Sketch 14-2, the redirection of
flow causes migration of wash channels, followed by the processes of that carry fluid
to the containers either in a saturated or in an unsaturated mode. The ensuing branches are
replicas of the corresponding branches of under ponding, fed by infiltration from the
new channel location rather than the pond.
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Subsurface Flow Altered

This brings us to Tree Segment 15 and the issue of Subsuriace Drainage Altered B, Which includes those
effects that alter the subsurface flow system. So far we have identified alteration of the
saturated flow by the physical presence of a dike, by changes in the local stress field
produced by the intrusion, and by readjustment of hydrothermal flow caused by the
intrusion. We begin this discussion with the branch Subsuriace Damming by Dike ;. Sketch 15-1
illustrates the idea of dike intrusion relative to the potential repository. These figures have
current, undisturbed head contours (as they are presently interpreted) superimposed on the
potential repository and surroundings. Calculations, with dikes inserted, produce
substantially altered heads and flow directions, depending on the hydraulic properties
assumed for the dikes and are the reason for inclusion of these features. This is a water-table
aquifer, so these contours represent elevation above mean sea level. Inserting dikes in the
sample locations of the model paradigm would be expected to change the water table at the
potential repository. The actual effects depend on the correct description of the flow system.
There are a number of alternative models of the flow system (Czarnecki, 1985; Sinton,
1989; Fridrich et al., 1991). Which model is actually representative, a matter to be
determined by site characterization, has a profound effect on the residence time of water in
the saturated zone beneath the potential repository and on flow directions. If, for example,
the correct interpretation of the saturated flow field is one of more or less continuously
varying hydraulic conductivity, so that conductivity contrasts are the cause of the head
variation from north to south (including the high gradient at the north), then cmplacement
of a low-permeability dike as in position 1 would produce a dam. Such a structure would
redirect flow south and cause a water table rise at the potential repository. If, on the other
hand, the dikes in position | are highly transmissive, they might act as conduits channeling
flow around the potential repository. The cause of the high gradient north of the potential
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Tree Segment 15b. Scenario paths and scenario group paths for tree segment 15a.

repository is a matter of conjecture and concern, Fridrich et al. have proposed an
interpretation that depends on the location of the subcrop of the Eleana formation and a
connection between the water-table aquifer and the carbonates underlying that region.
Water is diverted to flow below the potential repository before upwelling back to the water
table aquifer. Position 2 is directed at this interpretation. The dike is placed to interfere with
this specific flow system so that there could be major rise to the water table.

The point of this discussion is that while we can and will speculate on gross features of dike
emplacement, speculations on the details of interactions, even on the level of earlier discus-
sions, are not possible without careful characterization of the saturated flow system.

Tree Segment 15b is short: both Flow Conduit 8, and Flow Barrier 8, have the same subbranches. What
one suspects is that early after emplacement the dike represents a flow barrier and then
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gradually changes to be a fairly well-fractured flow conduit. Both circumstances allow the
possibility of Sketch 15-2: a water table rise, a water table rise to the potential repository, or to
a surface outfall. Sketch 15-3 illustrates the topography of Yucca Mountain and vicinity from
two different views. There is enough surface relief so a sufficient water table rise could have
places to produce springs and seeps. Sketch 15-3 is included to give some perspective to the
scale of water table rise required to reach the potential repository and to reach the land sur-
face. The best we can do for these scenarios is to identify {5 and plan to revise and expand
this branch when the saturated flow system is better defined.

This leaves two interesting but even more speculative branches of Subsurface Flow Altered Bo. The
idea behind {5, Hydrothermal Path Alteration y,, is that the intrusion, in penetrating the carbonates
on its way to the tuff water table aquifer, interferes with the flow path of deeper waters.
Whether the dike provides a barrier or a conduit, the net result is that the deeper flow system
is reorganized and warmer, deeper waters are directed into and circulate in the tuff aquifer.
Since regional springs are known at about 40 °C, the temperature change in the tuff aquifer
could be significant. Even if the flow path of the warmer mixture does not reach the poten-
tial repository, thermal expansion of the water could raise the water table. in order to pursue
these ideas more than superficially, we need many more details of thc ilow system at depth
and the possible interactions of those systems with intrusions. As a better understanding of
the regional flow at depth becomes possible, we will reexamine these ideas in order to iden-
tify specific scenarios. At present we will leave this topic as an open issue.

(5%, containing Stress Field Ateration v, is based on another very interesting idea. It depends on
the observation that emplacement of an intrusion (a dike or magma body) strains the coun-
try rock. That strain must be accounted for somewhere in the system. Some part is elastic
and some part is permanent deformation. That deformation could be taken up in part by re-
adjustment along fractures in Yucca Mountain. If fracture transmissivity is reorganized
when strain is accommodated, then how fluids enter and move through the mountain may
change. To provide more than trivial scenarios we need more details of how strain is taken
up in the near surface (and deeper) and the amount of strain that needs to be accounted for.
There undoubtedly is an interesting scenario to be developed here, but at present we do not
know how to proceed.
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Sketch 15-2. Cross section of Yucca Mountain showing the water table for the three branches
of this Tree Segment.
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Open Issues

The probability of occurrence of basaltic igneous activity in the Yucca Mountain area is
presently thought to be sufficiently low (Crowe et al., 1982; Ho, 1991) that examination of
the details in many scenarios which were just constructed seems unnecessary. If new esti-
mates substantially increase that probability or if regulatory authority decides to reduce the
limits of what must be considered, then the details of the interactions developed here will
need to be examined. We have identified a number of such details, which we left as open
issues in the text, and they are summarized here. These issues appear to be of three types:
those involving the mechanics of igneous activity, those involving interaction of magma
with the waste containers, and those involving alteration of the flow system.

Mechanics of Igneous Activity

a) Injection of Dike/Sill in a Stress-Altered Region (page 2)
b) Polycyclic Nature of Eruptions (page 81)
c¢) Plumbing of the Cinder Cone (page 81)

Magmatic interaction with Containers

d) Magmatic Entrainment of Spent Fuel (pages 10 and 17)
e) Condition of the Waste (pages 10 and 14)

f) Seismic Damage to Containers (page 14)

g) Container Survival in Magmatic Volatiles (page 65)

h) Magmatic Alteration of Waste (page 71)

Hydrologic Behavior of Intrusions

i) Fracture Development in Dikes (page 135)
j) Fracture Development in Sills (page 107 (F))

These issues will be discussed briefly individually in order to indicate the questions in-
volved.

Issue a Injection of a dike or sill in a stress-altered region. If a dike injected through the
potential repository intersects any emplacement drifts, it has intersected a region
different from the surrounding country rock. Repository drifts, even if backfilled,
form a void space to be intercepted by the magma flow. In addition, drifts are sur-
rounded by a stress-altered region extending out to perhaps six drift radii. Radial
and concentric fractures form to relieve the stress. Drifts themselves occupy per-
haps 20% or less of the potential repository plan view. An intruding dike, kilome-
ters in length, rising from many kilometers, sees these stress-altered zones and
drifts as windows occupying a small percentage of its vertical aspect. We do not
know how a dike reacts to the stress-altered region and to the void space. Are these
openings too insignificant to matter, or do they bias intrusion of the dike? The void
spaces of the drift could allow greater vesiculation of volatiles in the dike; that is,
gas comes out of solution at the drifts rather than closer to the surface. The impor-
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tance of these voids as a gas reservoir is expected to depend on the rate of exsolu-
tion from the magma and possibly on the flow of magma into the drifts. The even-
tual gas confining pressure is then the overburden pressure at the potential repos-
itory. Does this same stress-altered region favor formation of sills? If so, is there
a preferred location at the drifts, at the outer limits of stress-alteration?

Polycyclic nature of eruptions. The Lathrop Wells cinder cone has been interpret-
ed as being produced by several eruptions (Wells et al., 1990), well-spaced in time.
If a cinder cone is polycyclic, is the original vent reused or is there some move-
ment of the vent? Does the vent movement occur above or below potential repos-
itory level? Are repeated cycles associated only with vent use or are new dikes em-
placed as well?

Plumbing of the Cinder Cone. At the end of an eruption cycle there is a main vent
and possibly satellite vents. During the eruption does the vent wander (change lo-
cation) at the level of the potential repository? At what depth do satellite vents de-
velop? Does the vent grow at potential repository depth during reuse? All these
concerns about the plumbing system for the cinder cone are directed at forming a
basis to estimate the number of containers actually at risk.

Magmatic entrainment of spent fuel. A dike intersecting containers could entrain
pieces of waste, e.g., spent fuel fragments, and carry them to the surface. Similar-
ly, flow up a vent can entrain fragments and disperse them. While glassified waste
may be similar to the country rock, spent-fuel pellets are substantially denser. It is
unclear that spent-fuel pellets can actually be carried to the surface. The question
is the following: under what circumstances (velocity and density of magma, size
of particles, etc.) can waste be carried to the surface in a dike and in a cinder cone
vent?

Condition of the waste. What is the physical condition of the waste? If it is spent-
fuel, does high-burnup reduce the integrity of fuel pellets? If it is glass, do cooling,
shipping, and emplacing produce substantial fracturing? When are these physical
alterations important for interaction with the magma?

Seismic damage to waste containers. During the course of this igneous activity,
one would expect an almost continuous pattern of small seismic events, perhaps
lasting for months. Are these seismic events capable of causing damage to con-
tainers or their contents, whether spent-fuel or glass?

Container survival in magmatic volatiles. The intruding magma exsolves volatiles
as it moves and cools. These volatiles often form aggressive fluids--fluids that may
be quite hostile to the waste containers. Such behavior is known from field exper-
iments at volcanic vents and fumaroles. We need to have a reasonable idea of what
fluids containers might see and what volumes of such fluids are available for what

lengths of time.



Issue h Magmatic alteration of waste, Magma temperatures are expected to be of the order

Issue i

Issue j

of 1000 °C. This high temperature, the presence of exsolving volatiles, and the
many phases in the melt raise the possibility of chemical interaction, transforma-
tion, or dissolution of the waste. This is expected for glassified waste with a melt
temperature below 1000 °C. While spent fuel on the other hand is refractory at
these temperatures, we know nothing about its behavior in the melt.

Fracture development in dikes. Surface exposures of dikes display various degrees
of fracturing. In consideration of the alteration of subsurface flow, the issue is
whether the dike is a barrier to flow or, as a well-fractured, well-connected unit, is
a conduit for flow. We presume it possible for a given dike to be both at different
times and locations. What we need to know is what the controls are on the perme-
ability of a dike.

Fracture development in sills. Like dikes, sills could also be barriers to flow, as
suggested in several cartoons. One expects cooling fractures to form even in thick
sills. How well-connected these fractures are would determine whether perched
water might actually form on sills, whether sills are conduits, or whether sills are
simply irrelevant for flow.

The issues summarized here are by no means an exhaustive set. They simply represent a
few key concerns whose resolution allows modeling of the scenarios involved or pruning
of the scenarios from the tree. Some of these issues are topics of Study Plan 8.3.1.8.1.2
(DOE, to be published)
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APPENDIX

Information from the Reference Information Buse used in this report:

This report contains no information from the Reference
Information Base.

Candidate information for the Reference Information Base:

This report contains no candidate information for the
Reference Information Base.

Candidate information for the Geographic Nodal Information Study and Evaluation System:

This report contains no candidate information for the
Geographic Nodal Information Study and Evaluation
System,
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