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SUMMARY

This report contains information that may be relevant to individuals
involved with analyzing long-term release scenarios of specific repositories
for nuclear waste. The bulk of the information is derived from recent studies
in West Germany and the United States. Emphasis is on the specific geological
and hydrological phenomena that, alone or in concert, could potentially per-
turb the area around specific repository sites.

Research is continuing on most of the topics discussed within this report.
Because research is ongoing, statements and conclusions described in this docu-
ment are subject to change.

The main topics of this report are: 1) fracturing, 2) geohydrology,
3) magmatic activity, and 4) geomorphology. Therefore, the site-specific
nature of the problem cannot be overemphasized. As an example of how one
might combine the many synergistic and time-dependent parameters into a con-
cise format the reader is referred to A Conceptual Simulation Model for Release
Scenario Analysis of a Hypothetical Site in Columbia Plateau Basalts, PNL-2892.
For additional details on the topics in this report, the reader is referred to
the Pacific Northwest Laboratory (PNL) consultant report listed in the
bibliography.

The following comments are extracted directly from the end of each chapter
of this report.

Fracturing
e The types of fractures considered include: hydraulic fractures due
to changes in interstitial fluid pressures, surficial fissures due
to material loading or unloading, and faulting due to compressional
or extensional stresses. This includes rupture on undetected faults,
known "healed" faults, and virgin intact rock.

e The type of faulting, normal, reverse, thrust, or strike-slip,
depends on the state of effective stress in the area.



Sea-floor spreading and plate tectonics help explain faulting in the
vicinity of plate boundaries. Intraplate seismicity, however, is not
well understood. Fortunately, it is infrequent.

The primary release scenario involves creation of a hydraulic path-
way, creation of significant groundwater flows, and continual
replacement of the fluid in the source aquifer.

If a hydraulic pathway is developed, the following information is
necessary to quantify the consequences: 1) the time of the breach
relative to waste emplacement; 2) the pathlength to the biosphere
and the hydraulic conductivities along the path, 3) the fluid poten-
tials, and 4) the sorption characteristics along the path.

Thermally-induced advective flow, hydrothermal alterations, thermal-
stress cracking, salt-density gradients, and other physical and
chemical interactions should be considered.

Fault zones may be barriers to, as well as conduits for, the flow of
water. Because of this, inundation of the waste could happen with-
out significant flow through the repository.

Estimates for faulting in an area should be based on the state of
effective stress, material properties, recorded seismicity, observ-
able cumulative deformation in the region, average strain rates, and
anticipated changes in regional strain rates.

Surficial fissures can extend for 100 m or more into the ground and
can accept significant amounts of water for a 2 to 10-yr period.

Radial and tangential fracturing near the margin of large ice sheets
due to continental ice loading may be possible.

Potential consequences associated with fractures include: 1) crea-
tion of a hydraulic pathway and perturbations of fluid potentials,

2) creation of a barrier to lateral groundwater fluid and subsequent
changes in the water table, and 3) vibrational ground motions, which
may be insignificant if the backfill material is properly engineered.
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Geohydrology

Hydrologic factors desirable for a waste repository include: 1) low
permeability, 2) high effective porosity, 3) low fluid potentials,
4) long flowpaths, and 5) high nuclide-retardation or sorption char-
acteristics.

These characteristics are subject to change at a given site, espe-
cially within a 106-yr time frame. Some estimate of the rate of
change of these characteristics, the probability, and magnitude is
necessary.

For a zone with a 10% porosity and a hydraulic gradient of 0.01, a
permeability of approximately 3 x 10'4 darcy is needed to limit
water migration to less than 1 km in 105 yr. (Permeability of 3 «x
10'5 darcy may be necessary for 106 yr).

Fluid potentials can be affected by crustal faulting, surficial fis-
suring, hydraulic fracturing, climatic variations, denudation, stream
erosion, sea-level changes, glaciation, irrigation, and fluid-waste
disposal.

Accurate prediction of how the hydrologic characteristics at a given

5 to 106 yr is not currently

site will change over the next 10
possible or defendable. However, it may be possible to identify the
various ways that a hydrogeologic system could be altered and to
bound magnitudes and rates in a probabilistic manner. Having done
this, one would have a set of possible future configurations of the
geology and hydrology. The priority in analyzing those states would
depend on relative occurrence probabilities and anticipated

consequences.

Brittie fracture of granitic or basaltic rocks does not necessarily
dictate significant groundwater flows along the path. The source of
water may be quickly depleted; therefore, an aquifer or surface water
must be intersected if flow is to be maintained.



In addition to a continuous water source and creation of a fracture
flow path, a potential sink such as a mine, a tunnel, or a second
aquifer at a different dynamic head is necessary for a significant
flow system to exist. If the source is also the sink, then the fluid
column may be essentially static, subjected to thermally induced
advection, or influenced by density and concentration gradients.

Fracture systems need not remain open indefinitely. Creep closure

in salt and mineral redeposition in hardrocks may heal the fractures.
Similarly, under the lithostatic pressures at depth, fracture gouge
or asperities are necessary to keep hardrock fractures open.

For repositories in salt, fracturing of the caprock or bottom rock
and slow dissolution of the salt is the most realistic scenario lead-
ing to groundwater transport of wastes. Solution collapse is also a
possibility.

Natural dissolution rates for salt of from 0.002 to 2.0 mm/yr are
reported in the literature.

Fluid potentials might be affected by: 1) pressurized recharge,

2) a relative change in the location and/or elevation of recharge or
discharge areas, 3) inundation by a body of surface water, 4) offset
faulting, 5) the removal of low-permeability barriers, and 6) the
creation of new fracture flowpaths.

A 100-m drop in ocean level might increase the fluid potentials in
shallow Gulf Coast aquifers by 30%.

An ocean-level increase of 100 m might inundate some coastal salt
domes, reducing hydraulic gradients in aquifers to values of approxi-
mately 0.005 or Tlower.

A significant increase in precipitation (300%) could result in a two-
fold increase in hydraulic heads in shallow (<60 m) aquifers. Deeper
Gulf Coast aquifers should not be significantly affected.
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e The lowering of discharge points by erosion (an estimate of 15 m is
used for the Gulf Coast) might increase fluid potentials in shallow
Gulf Coast aquifers by as much as 40% to 60%. Deeper aquifers should
not be affected by more than 10%.

e Offset faulting of 1 to 10 m in the Gulf Coast area could create
barriers to lateral groundwater flow, especially if permeable sands
are offset against relatively impermeable shales.

e Increased rainfall in southeastern New Mexico might increase the
gradients in the Culebra aquifer from 0.005 to 0.007 if surface
topography were to remain constant with time.

e At the Nevada Test Site (NTS), a two-fold increase in hydraulic head
in the carbonate aquifers is possible as a results of a major
increase in precipitation.

e Increased rainfall and groundwater recharge do not follow a one-to-
one correspondence. Much of the excess water is manifested as
impounded surface water or as river runoff.

e Continental glaciation and lake impoundment in the vicinity of the
Pasco Basin could increase subsurface recharge in the regional
aquifers. However, increased flow in the interbeds and other
aquifers does not necessarily indicate flux through any given basalt
layer. Creation of a fracture flow path may still be necessary.

e Estimating how geohydraulic parameters might change from their cur-
rent status at a given site is an important element in the assessment
of long-term safety.

Magmatic Activity

e Only 3% of the currently active volcanoes are in midcontinental
areas; the majority of these are associated with the East African
Rift.

e Magmatic activity at a reasonable depth below the repository is
assumed to be nonexistent at the time of waste emplacement, since
features associated with it would be detectable.
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Intrusive as well as extrusive activity must be considered. The
consequences may be different, but it is assumed that the probability
of occurrence is basically the same.

Extrusive activity can be nonexplosive (flood basalts) or explosive
(silicic volcanoes). Dispersal can be via lava flows, mud flows,
pyroclastic flows, and air-fall,

Igneous activity can result in: broad domal uplift and the develop-
ment of radial and concentric fractures, faulting, accelerated ero-
sion rates, the development of a hydrothermal convection system, and
geyser activity.

Volcanic activity within a 50-km radius of the repository but not
directly intersecting the wastes might result in: surficial loading,
drainage and erosional changes, climatic changes, and diagenesis with
potential changes in the permeability of sedimentary layers.

Past studies have resulted in probability numbers for magmatic
activity ranging from 0.0 in the first 104 yr to 1077 in
106 yr.

The PNL study is emphasizing emplacement rates and dispersal mecha-
nisms, since the probability numbers appear to be sufficiently small
for most sites that additional, order-of-magnitude refinement is not
warranted.

Geomorphology

This section briefly discusses: 1) slope failure, 2) denudation,
3) stream erosion, 4) glacial erosion, 5) coastal erosion, and
6) sedimentation.

Slope failure is most likely to occur on a steep siope and can be
enhanced by increased water saturation or head, jointing, low shear-
strength, layer anisotropy, and favorable dip.

Siope failure might cause a reduction of overburden thickness and/or
surficial fissuring.



It appears that slope failure is not a particularly serious issue
for an area with low relief and low tectonic activity. Furthermore,
epeirogenic uplift, by itself, should not initiate slumping activity.

Examples of denudation rates include: 1) 100 m/lO6 yr for West
Germany, 2) 50 to 75 m/106 yr for the Pasco Basin, and 3) 160 m/lO6 yr
for the Grand Canyon area.

The rate of denudation depends on climate, topography, material
1ithology, and human activity.

Examples of stream erosion rates include: 1) 50 m/lO6 yr for the
Pasco Basin without anticlinal uplift, 2) 350 m/lO6 yr for the
Pasco Basin with anticlinal uplift, and 3) 800 m/lO6 yr for the
Grand Canyon.

The potential consequences associated with denudation and stream
erosion include: a reduction of overburden thickness, the removal
of a relatively impermeable layer, and enhanced vertical groundwater
recharge.

It appears that uplifting an area has an order-of-magnitude greater
impact on erosion rates than does changing the local climate.

Glacial erosion involves ice scouring, local meltwater stream ero-
sion, and massive flood erosion of the Missoula type.

Ice erosion rates are temporally and spatially variable. The magni-
tudes of such erosion may vary from a few meters per 106 yr to
hundreds of meters per 108 yr.

Future deep erosion by ice action will presumably occur only in those
areas where deep erosion has already occurred.

Based on present glacial activity, ice erosion is, on the average,
four times more effective than fluvial erosion.

The probability of massive flooding in the Pasco Basin during and
immediately following a glacial episode is 10"4/yr and the conse-
quences would include an impounded lake in the Pasco Basin and tran-
sient groundwater recharge.
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The potential consequences associated with glaciation include:

1) removal of overburden and removal of a low permeability confining
layer, 2) flooding and short-term impoundment of water in lowland
areas, 3) fracturing near the margin of the ice sheet, and

4) deep groundwater recharge near the margin of the ice sheet.

Sea level may vary by as much as 100 m over a 105-yr period due

to the glacial activity; and by 250 m over 106 yr due to tectonic
activity.

At present, the ocean is rising at 3 to 4 mm/yr. Potential future
rates are 3 to 4 mm/yr to 4 cm/yr.

Coastal erosion and sedimentation are not considered significant to
a deeply (>600 m) buried repository.

Fluctuations of sea level can affect hydraulic gradients in near-
coastal aquifers. For example, a 100-m fall in ocean level might
increase hydraulic gradients by 30% in the Gulf Coast area.
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INTRODUCTION

The Waste Isolation Safety Assessment Program (WISAP) was established at
Pacific Northwest Laboratory (PNL) to develop a methodology for the assessment
of the post-closure safety of nuclear waste repositories in geologic media.

The program was sponsored by the Office of Nuclear Waste Isolation (ONWI) under
its contract with the Department of Energy (DOE) as part of the National Waste
Terminal Storage Program (NWTS).

There are two basic steps in assessing repository post-closure safety:

1. to define and analyze breach scenarios and the pattern of events and pro-
cesses that would cause each breach,

2. to identify and analyze the consequences of radionuclide transport and
interactions that may occur subsequent to a repository breach.

The organization of WISAP is illustrated in Figure 1. The release scenario
analysis unit, Task 1 defined and analyzed the breach scenarios. The output
of Task 1 is used to define the initial conditions describing the state of the
geosystem at the time of breach.

Figures 2 through 7 illustrate how various phenomena can combine to:
1) perturb the geologic and hydrologic system surrounding the repository,
2) breach the repository thus initiating transport of the contaminants within
the geosphere, and 3) cause repository failure by injecting the contaminants
into the biosphere system. The release scenario task terminates upon identi-
fying and characterizing breaches. The release consequence task then studies
the potential for release of contaminants to the biosphere. This study uses
sophisticated hydrologic and nuclide-transport computer codes.

For the hydrogeologic scenarios, the following data must be transferred
between the two tasks: 1) the time of the breach (contaminant release from the
immediate repository boundaries), 2) the preferential pathway to the biosphere,
3) the effective porosities and conductivities along the path, 4) the length of
each segment of the path, 5) hydraulic heads and potential gradients along the
path, and 6) if possible, the state of effective stress, the temperature and
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FIGURE 1. Waste Isolation Safety Assessment Program

the geochemical characteristics along the path. With this information, the
release consequence task must estimate leach rates, water flow volumes and
velocities, and the flux of contaminants.

The main mission of the release scenario task is, therefore, to quantify
and bound how the geologic and hydrologic system surrounding the repository
might change in the future and to determine if such change or perturbation
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signifies a breach. The output is a "complete" set of potential future geo-
logic and hydrologic system configurations and an estimate of the likelihood
that the repository site will exist in any one of them. Obviously, a critical
parameter is the maximum time that must be considered since the hydrogeologic
characteristics describing each system state will diverge as a function of
time. For the purpose of illustration, 106 yr has been arbitrarily selected
for this report. Naturally, the uncertainty or error bands also increase with
time and this fact must be integrated into any analysis.
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A computerized methodology entitied "Repository Simulation" is being pro-
posed as a vehicle to conduct such studies on a site-specific basis. A con-
ceptual model for a hypothetical site in the State of Washington is presented
in a recent report, PNL-2892 (Stottlemyre, Petrie, Benson and Zellmer 1979).

A wide range of potentially disruptive phenomena must be considered in an
analysis. These phenomena are generally synergistic and site and time depend-
ent. Table 1 lists example "disruptive phenomena", and categorizes them as
natural or man-induced. Near-field phenomena, such as mining-induced or ther-
mal-induced stresses have been specifically excluded from this phase of the
study. However, some comments concerning these near-field factors will be made
when appropriate.

Release scenario analysis deals with two general classifications of phe-
nomena. The first type has extremely high occurrence probabilities, but rela-
tively unimportant consequences. Even though the phenomena may be continuously
ongoing at the repository site, the changes or perturbations to the geologic
system are such that the probability of direct release of nuclides from the
geologic barrier is very small. Denudation, stream erosion and climatic varia-
tions are examples of this type of phenomena. The second classification
includes phenomena with extremely low occurrence probabilities, but potentially
significant consequences. Meteorites, magmatic activity, faulting through the
repository, and in some cases, glaciation are exampies of this type of phe-
nomenon. Estimating occurrence probabilities is an extremely difficult task
because of the lack of site-specific data. However, it may be possible to
demonstrate that some probabilities are so small that further study and refine-
ment is not warranted. The following discussion is presented as a guide to
determining an appropriate probability threshold below which a phenomena should
not be considered in future studies.

Assume that the probability of a single event or combination of events
leading to nuclide release from the repository in any one year is Po' The
probability of this not to take place during any one year is:

P10=1-P0.



TABLE 1. Potentially Disruptive Phenomena

Natural

Man-Related *

Climatic Fluctuations
Glaciation

Denudation and Stream Erosion

Magmatic Activity
e Extrusive
o Intrusive
Epeirogenic Displacement
e Igneous Emplacement
o Isostasy
Orogenic Diastrophism
e Near-Field Faulting
e Far-Field Faulting
e Diapirism
Static Fracturing
e Surficial Fissuring
e Impact Fracturing
e Hydraulic Fracturing
Meteorites
Dissolution
Sedimentation
Flooding
Undetected Features
e Faults

Breccia Pipes
Lava Tubes

Gas or Brine Pockets

Shear Zones

10

Improper Design/Operation:
e Shaft Seal Failure -
e Improper Waste Emplacement
Undetected Past Intrusion:
e Undiscovered Boreholes or
e Mineshafts
Inadvertent Future Intrusion:
e Archeological Exhumation
e Weapons Testing
e Non-Nucliear Waste Disposal
e Resource Mining (Mineral,
Hydrocarbon, Geothermal,
Salt Water)
e Storage of Hydrocarbons or
Compressed Air
Perturbation of Groundwater
System:

Irrigation
Reservoirs

Intentional Artificial

Recharge

Establishment of Population
Center



The probability Pn o for this release not to take place in n years is:

_ n
Pro =1 (1-P)"

P. E. Gretener, in his paper on the "Significance of the Rare Event in Geo-
logy," (Gretener 1967) shows that for small Po’ the estimate Pn,l can be
adequately expressed by the well-known Poisson limit for the binomial
distribution:

- n -
Pn’1 =1-1- 4 Pj+ 5 P 3 Pot.-

This expression can be used in the following argument for bounding the
range of release probabilities that should be studied. As a minimum bound, a
yearly release probability of Po = 10'3, classifies the event or combina-
tion of events as "rare." The age of the earth is used as a measure for the
upperbound cutoff. "The age of the crust is estimated to be 3.5 x 107 to
5.5 x 109 yr (Holmes 1964), so that an event or combination of events with a
yearly release probability of PO = 10'7 still has a 98% chance of occurring
in a time period equal to the age of the earth. An event with a Po = 10'10
has only a 20% chance of occurring. When the event becomes so improbable that
P0 = 10"11, it becomes virtually impossible even within a time period equal
to the age of the earth" (Gretener 1967).

Thus, to be included in a safety assessment of a geologic repository, a
0710 to 10'11/yr.
The excavation or fracturing of a repository site by meteorite impact is such
an example. W. K. Hartman (1978) has determined that the probability of such
an event is 10'11/yr to 10'13/yr. Consequently, it may be possible to
exclude meteorite impact from release scenario analysis.

release scenario should have a probability greater than 1

Release scenarios provide a method of determining the events or sequences
of events that may ultimately cause breaching of the repository. Consequently,
the primary goal of the repository simulation model is to identify and estimate
the probabilities of disruptive events that, alone or in concert, might com-
promise the isolation status of a nuclear waste repository and to describe the
possible geological and hydrological system states present at the time of a
breach. This information must include plausible release scenarios and set
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bounds on the parameters used in the transport models. Such information can
then be used to describe initial conditions in the release-consequence trans-
port models.

Geologic and hydrologic systems are highly complex and, in many respects,
inadequately understood, especially the long-term effects of disruptive phe-
nomena. Our methodology is designed to help assess these effects and the long-
term safety of repositories for nuclear waste. The methodology is evolutionary
and can be adaptive to incorporate advances in the geologic and hydrologic
understanding and to accommodate modifications in repository licensing require-
ments. Additionally it provides a flexible framework for the discussion and
development of repository licensing criteria related to natural disruptive
phenomena.

The discussions in this report represent only the current evolutionary
thought on the various disruptive phenomena. As work progresses in the NWTS
program, the phenomena must be analyzed on a site-specific basis. This will
allow a more narrow research scope and a refined analysis of the potential
effects of the disruptive phenomena.

FRACTURE SYSTEMS

Introduction

The geologic media hosting a repository should have a permeability low
enough to preclude significant quantities of flowing groundwater. Fracturing
is one phenomenon that might alter the hydraulic conductivity of the host rock.
A fracture sytem can be envisioned as a series of interconnected cracks which
allow a permeability to exist different from that of the intact rock. Such a
system might be characterized by: fracture density, continuity, isotropy,
length, aperture width, and mineralogy.

The type of fractures being considered in this report include: 1) hydrau-
lic fractures that are created when the interstitial or pore fluid pressures
exceed the tensile strength of the rock mass, 2) surficial fractures that
result from material loading or unloading, 3) faulting of the basement rock
with or without rupture of the overlying rock, and 4) fractures associated with
ice loading. Figure 8 illustrates these four fracture mechanisms.

12
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Figure 9 shows three categories of faults: main fault systems, branch
faults, and secondary faults. Rupture occurs in intact rock, along fractures
considered healed and, most commonly, along active fault systems. There are a
variety of fault geometries. Figure 10 presents the general classifications
of normal, reverse, oblique, and strike-slip faults. Thrust and strike-slip
faults are thought to be associated with tectonically active areas where lat-
eral crustal stresses are of the compressional type. High angle reverse faults
can also indicate crustal compression. Normal faulting, on the other hand, is
generally confined to areas undergoing crustal lengthening or extension.

Faulting is controlled primarily by the state of effective stress existing
on a regional or local scale. Stress components include tectonic forces,
lithostatic or rock overburden pressures, and interstitial or pore fluid pres-
sures. Since plate tectonics plays a significant role in defining this
regional stress state, the following brief discussion is presented.

} 1

! i
A

.
"t

FIGURE 9. Main (I), Branch (II) and Secondary (III)
Faulting (Slemmons 1977)

Plate Tectonics as Related to the Probability and Consequences

of Crustal Fracturing

Since the advent of plate-tectonic and sea-floor-spreading theory, the
geoscience community has advanced rapidly in its understanding of faulting and
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FIGURE 10. Fault Types

OBLIQUE-SLIP FAULT

seismicity. Knowledge gained on a global scale now allows earth scientists to
divide the earth's crust and uppermost mantle into 10 to 14 individual crustal
units or plates. These plates are in motion, with the leading edges being
continually subducted into large descending troughs. The trailing edges are
being continually created by the solidification of upward moving magma asso-

ciated with extensive midoceanic ridges.

Figure 11 illustrates this process. These subduction zones, oceanic
ridges, and plate-junction zones are belts of major earthquake and volcanic
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activity as shown in Figure 12. For example, the junction between the Pacific
and the North American plates forms, in part, the San Andreas fault system and
related systems along the west coast of the United States.

For any repository sited west of Nevada or the Idaho batholith, an under-
standing of plate junctions and relative motions is important to addressing
future faulting or volcanism. However, intraplate or midcontinental activity
is not without precedent. Examples include the major damaging earthquakes at
New Madrid, MO (1811-1812) and Charleston, SC (1886). Intraplate seismicity
has also been observed in oceanic plates, although the mechanism for its origin
is not well understood.

No part of the U.S. can be considered devoid of faulting and earthquakes;
however, it is possible to characterize zones in terms of relative seismic
risk. One technique is to use the relative strain release throughout the U.S.

as an index of current tectonic activity (Algermissen 1969). Strain release

PNTTS S
R PR
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X

FIGURE 12. Global Seismicity and Earthquakes
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is proportional to the square root of the energy released, the energy released
being determined from the magnitude of the earthquake. Each increase in
Richter magnitude represents a ten-fold increase in energy release. Alger-
missen has divided the conterminous United States into four areas on the basis
of data compiled from earthquakes between 1900 and 1965. The areas and
equivalent magnitude for earthquakes during this period are listed in

Table 2.

This reveals that from the standpoint of strain release, the Pacific West
is the most active and the Central Plains, the least. Earthquake recurrence
plots substantiate this conclusion. Obviously, any probability numbers
reflecting the potential for faulting in the vicinity of a repository must be
tailored to the specific site. Figure 13 presents a seismic risk map as given
by Algermissen (1969).

With respect to intraplate activity, the East African Rift Valley repre-
sents the initial phase of fracturing of an intact plate. Subsequent spreading
of this rift may ultimately lead to invasion by the ocean. This system extends
for thousands of miles, supports extensive magmatic activity, and is prone to
seismic activity. However, the rates associated with such midcontinental rift-
ing are sufficiently slow to preclude, or at least minimize consideration of
intraplate rifting in any safety assessment studies.

TABLE 2. Relative Strain Release Normalized in Terms of Magnitude
for Earthquakes (Algermissen 1969)

No. of Equiv. Mag 4
Earthquakes/1000 km2
Area (1900-1966)

Pacific West 12.0
(west of long. 114 W)

Rocky Mountains 2.0
(Tong 106 -114 W)

Central Plains 0.14
(Tong 92 -106 W)

Eastern U.S. 0.74
(east of long 92 W)
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FIGURE 13. Seismic Risk Zones (Algermissen 1969)

Potential Consequences Associated with Fracturing

Before addressing the topic of occurrence probabilities, some discussion
of the consequences associated with fracturing is warranted. If the antici-
pated consequences associated with a given geologic phenomena are within
acceptable limits, then refinements of the occurrence-probability numbers may
not be totally necessary.

Naturally, the consequences associated with any type of fracturing of the
geologic system surrounding a nuclear waste repository will depend on the
specific characteristics of the site, i.e., rock types, layer thicknesses,
distribution of water-bearing zones, depth to the repository, etc. For the
purpose of discussion, it will be assumed that the repository is placed in a
relatively impermeable layer which may be overlain and underlain with addi-
tional Tow permeability buffering layers. This system is then bounded by at
least two aquifer systems with differing fluid velocities and potentials. Fig-
ure 14 is an example layered model. This example is the basis for discussion.
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LAYER HOR| ZONTAL VERTICAL GROUNDWATER
UNIT  THICKNESS  PERMEABILITY  PERMEABILITY HEADS
GENERAL LITHOLOGY NUMBER  (METERS)  (MILLIDARCIES) (MILLIDARCIES) (METERS BELOW SURFACE)
— — = = [LOOSE SILT SAND AND GRAVEL 1 125 2000.0 200.0 40.0
o o o o]

CEMENTED SAND AND GRAVEL 2 200 1000.0 100.0 40.0

% © | BASALT 3 300 0.13 0.13 52.0
;;;é“”fﬁﬁ
: ///%ff?:'ﬁ:

T SEDIMENTARY INTERBED 4 25 300.0 30.0 43.0

BASALT 5 250 0.013 0.013 55.0

SEDIMENTARY INTERBED 6 25 1330.0 133.0 43.0

BASALT (REPOSITORY) 7 100 0.013 0.013 52.0

SEDIMENTARY INTERBED 8 25 1330.0 133.0 4.0

BASEMENT 9 ® 0.013 0.013 61.0

FIGURE 14. Example Layered Earth Model



If the host geologic formation is hardrock or shale, then the following
three types of fracturing results might be considered: 1) surficial fissuring
due to material loading or unloading that creates a hydraulic pathway between
the repository and the land surface, 2) crustal faulting that creates a hydrau-
lic pathway between the repository and the aquifer and/or the land surface, and
3) cumulative displacement on the fault zone coupled with erosion that ulti-
mately brings the repository into direct contact with an overlying aquifer or
the land surface.

If the host rock is salt, then a fourth scenario might be included.
Fracturing results in a reduction of the hydraulic buffering capacity in the
“cap" and "bottom" formations, and active groundwater dissolving of the salt
ultimately exposes the repository to direct leaching by saline groundwaters.

To quantify the consequences associated with any of these hypothetical
situations, it is necessary to specify the characteristics of the geological
and hydrological system at the time of the fracturing process and for a certain
subsequent period. For example, the following should be identified: fluid
potentials, hydraulic conductivities, transport pathlengths, the elapsed time
since initial waste emplacement, the leachability of the waste form, the sorp-
tion or retardation characteristics of the geologic media along the flow path,
the potential for "healing" of the fracture zone, and the relative displacement
of the stratigraphy.

In addition, near-field phenomena such as thermally induced advective
flow, hydrothermal alternations, anisotropic expansion and contraction, ther-
mal-stress cracking, brine-density gradients, and a variety of other physical
and chemical factors might be considered. For example, if a connection is
somehow established between overlying and underlying water bearing strata and
a repository in salt, the consequences will obviously depend on the direction
and magnitude of flow. A brine-density gradient would oppose flow in an upward
direction but would tend to support a downward flowing system. Furthermore,
the presence of water would tend to reduce the physical strength of the salt
and therefore accelerate creep closure of the flowpath. Dissolving of the salt
would obviously act in favor of maintaining the opening. A1l of these factors
should be integrated into a transport-type consequence analysis.

21



One additional comment is warranted. Not all fracture systems support
high permeabilities. For example, if the gouge in a fault zone is high in clay
content or relative displacement along the zone has juxtaposed a shale layer
against a water-bearing sandstone, the fault zone may represent a significant
barrier to lateral water flow. Relative changes in water table elevations on
opposite sides of the barrier might result. This may cause the inundation of
a previously dry repository. The next section is a summary of some past and
present efforts to quantify some of the aforementioned issues.

EXAMPLES OF PAST STUDIES

Logan 1978

S. E. Logan (1978) studied the Salado Formation in southeastern New
Mexico. The model site is in a region that appears to have been stable for the
last 225 million yr. The bedded salt host formation is approximately 500 m
thick and has a horizontal upper surface at a depth of about 300 m. The dis-
posal horizon is assumed to be at a depth of 800 m, near the bottom of the
formation. The overlying and underlying formations both support aquifer sys-
tems with the lower having sufficient artesian pressure to maintain a piezo-
metric surface above the salt formation. The repository area is assumed to be

10 kmZ.

An aggregate probability for offset faulting sufficiently severe to frac-
ture the bedded salt formation and connect upper and lower aquifers is given
by the following:

0
1]

>

O

O
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F probability of offset faulting sufficiently severe to fracture the
bedded salt formation and connect the upper and lower aquifers

AFS = average fault surface area with movement per year

total surface area in question

e
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R = probability of fracture beneath repository

-0
f

M= probability of movement on the fault
For the area in question the probability PF is:

1

2 -
AT x 0.60 x 0.20 = 1.5 x 10”7

0.012 km
0% km

The average surface area with movement per year is based on a relationship
between fault length and magnitude (King and Knopoff 1968) where the magnitude
distribution was computed from 13 yr of historical seismic data (Sanford 1974).
The probability of a fracture existing beneath a 102 km area is estimated

from limited surface and subsurface exploration in the 104 km2 region sur-
rounding the hypothetical site. The probability of movement on a fault is
assigned as 0.2. The probability range for offset faulting is given as 7.2 x
1077 to 2.9 x 10'8/yr.

It must be emphasized, however, that these estimates are for a fault dis-
placement of sufficient severity to instantaneously expose the repository con-
tents to ground water. The numbers do not reflect the presumably higher
probability associated with rupture of relatively impermeable buffering litho-
logies and subsequent dissolution of the salt formation.

This particular attempt to estimate the probability of faulting in the
immediate vicinity of the repository suffers a common shortcoming. The mathe-
matical relationships are based on limited data and may or may not apply to
sites different from the one for which they were derived.

Clajborne and Gera 1974

In another study of a hypothetical site in the bedded salt of southeastern

New Mexico (Claiborne and Gera 1974), another somewhat controversial approach
was used to estimate the probability of faulting. The following statement
summarizes the problems facing the authors in being quantitative: "In the
absence of actual data on tectonic structures in the Delaware Basin, particu-
larly buried faults in the crystalliine basement and in the pre-Permian sedi-
mentary formations, faulting in the basin will be treated as a random process"
(Claiborne and Gera 1974). Two faults were identified in the area and it was
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assumed that two additional faults of similar length (18 km and 4 km) would be

active in the 3 x 104 km2

2

basin in the next 2 x 108 yr. The repository
was assumed to be 8 km~ and a geometrical analysis relating the probability

of a line intersecting a circular area when both are contained in a much larger
area was derived to yield an estimate of a fault intersecting the repository.

The resulting estimate was 4 x 10'11 intersections/yr.

However, this value relates only the probability of a fault intersecting
the repository. The probability of containment failure should be smaller
becéuse the fault would have to create a permeable fracture zone, the fluid
would require a significant volumetric flow, and salt dissolution would have
to outpace creep closure of the fault zone. Quantitative estimates concerning
the probability of creating such a long-term, permeable path are not in the
report and it is suggested that there is no current method of deriving these
numbers. However, some estimates of relative displacement rates are given. A
few millimeters per year is given as an appropriate long-term average for the
Delaware Basin.

Bertozzi et al. 1978

In a more recent study (Bertozzi et al. 1978) the long term safety of a
nuclear waste repository emplaced in a bedded salt formation in Germany is
analyzed. The top of the salt bed is assumed to be 350 m below the land sur-
face, and thickness and areal extent of the formation is 300 m and 5000 km2,
respectively. Once again the system includes overlying and underlying aquifer
systems, relatively impermeable boundary formations, and an essentially hori-

zontal configuration.

Their fault analysis assumes that the regional tectonic stresses are not
compressive in nature, and therefore faulting would be exhibited as dip-slip
motion on near vertical planes. The potential for reverse- or strike-slip
faulting is assumed to be negligible, i.e., frequency less than 10'8/yr.

The high-angle faults are classified in terms of vertical displacement,
with small displacement faults having a throw of less than 100 m. This dis-
placement results in brittle failure of the buffering confining layers and
direct dissolving of the host salt formation by groundwater. Larger faults,
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100 to 500 m displacement, result in fracturing of the salt layers as well as
the caprock. Therefore it is assumed that a direct hydraulic flow path is
created. Finally, very large displacement faults that have a throw in excess
of 500 m are considered. The consequences of such a fault include development
of a hydraulic path and sufficient uplift to bring the repository in contact
with the land surface.

To compute the probability of a fault intersecting the repository, a
weighted mean value of fault length is computed from a statistical distribution
of observed fault lengths. The resulting average is 27.5 km for the study
area. A geometrical analysis is then used to define a sensitivity area around
the repository. It is assumed that the sensitive area increases with time,
since the amount of salt dissolution that might be expected in 105 yr should
be much larger than that anticipated in 103 yr. The minimum time required
for direct exposure of the wastes to groundwater depends on the probability of
faulting and the rate of solutioning.

Figure 15 and Table 3 present summary information of faulting frequency
over the sensitive area. For the small displacement faults where the confining
1lithologies are brecciated and the salt is actively dissolved, time-dependent
breach probabilities are derived based on: the initial volume of salt around
the repository, the estimated dissolution rates, and predetermined frequency
probabilities for faulting. Summary results are in Table 4.

/ EVAPORITIC BASIN (5000 km2)
\_— REPOSITORY (10 km2)

a_zl}-—cmncm ZONE (VARIABLE)

Xe—'—__——_.SENSHWVEAREA(VARlABLE)

FIGURE 15. Sensitive Area About a Salt Repository
(Bertozzi et al. 1978)
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TABLE 3. Faulting Frequency over the Sensitive Area Surrounding a
Hypothetical Repository in Germany (Bertozzi et al.

1978)
Time Span Radius of Faulting Frequency
for Salt Critical Critical Sensitive Over the Sensitive
Dissolution, yr Zone, km  Zone, km? Area, km?  Area, Faults/yr
103 1.8 10 216 4.3 x 10710
10% 1.8 10 216 4.3 x 10710
10° 2.8 25 300 6.0 x 10710
5 x 10° 6.8 145 900 1.8 x 1077
108 12.0 450 1800 3.6 x 1079

TABLE 4. Occurrence Probabilities for Faulting (Bertozzi et al. 1978)

Time, yr 103 104 105 106
Probability for Small 0 4 x 10-7 4 x 10-5 1 x 10-3
Displacement Faults

Probability for Large 0 0 4 x 10-6 1 x 10-4
Displacement Faults

Probability for Very 0 0 4 x 10-7 1 x 10-5
Large Displacement

Faults

Small Displacement: 100 m vertical throw, impermeable buffering layers
fractured
Large Displacement: 100 to 500 m, salt fractured, as well
Very Large Displacement: 500 m, total fracture system plus contact wit
land surface. :

For large displacement faults, i.e., those that rupture the salt as well
as the bounding layers, a frequency of 0.10 of that for the small displacement

fault frequency was chosen for time periods longer than 104 yr. For time

4 yr, the probability was set at zero, based on fault

periods less than 10
displacement rates. If 1 cm/yr is an average displacement rate, then at least
104 yr are required to observe the 100 m of cumulative offset required for a

large displacement fault.
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Summary of Current Studies at Pacific Northwest Laboratory

In a current study in Pacific Northwest Laboratory, the following frac-
turing mechanisms are being considered: 1) crustal faulting, 2) surficial
fissuring, and 3) hydraulic fracturing. The following paragraphs are a summary
of current observations of these phenomena.

Crustal Faulting

The PNL approach to crustal faulting is similar to that of Bertozzi
(1978). However, in the European study, time was quantized into 103-, 104-,
105— and 106-yr stages. A probability for each of the fracture types was
estimated for each discrete time period. The PNL approach is to establish a
"mode1" of the geologic system, identify the important stimuli, describe how
the model will respond to each, and then conduct numerous computer simulations
using 100- or 1000-yr steps. A detailed description of this technique is pre-
sent in a report entitled A Conceptual Simulation Model for Release Scenario
Analysis of a Hypothetical Site in Columbia Plateau Basalts, (Stottlemyre

et al. 1979).

Three categories of faulting in the basement rock, faulting that may or
may not rupture the overlying rock, are presented in the estimated order of
their importance: 1) rupture along undetected faults, 2) rupture along known
"healed" faults, and 3) rupture of intact rock.

An attempt is being made to relate faulting at a specific site to para-
meters such as the initial state of effective stress, potential changes in this
state of stress, regional average strain rates, potential changes in strain
rates, recorded seismicity, the initial distribution of known faults, and the
material properties of the geologic system. Various models are being explored.
These models vary from representing accumulated strain over a spatially dis-
tributed set of pre-existing fractures (Kehle 1979) to recurrence relationships
between geologic slip rates, observable deformation, and recorded seismicity
(Anderson 1978, Wight 1979). In addition, statistics on the discovery of
faults during or after the construction of mines and nuclear generating plants
are being reviewed.
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Estimates are being made for the probability of faulting at a given site
as a function of the present state of the geologic system and as a function of
potential future states of the system. In addition to estimating probabili-
ties, it is necessary to estimate the type of fault (thrust, high angle normal,
etc.), induced permeability variations, and potential displacements. For exam-
ple, the unassociated seismicity (no identified fault structure) in central
Washington is being analyzed. This unassociated activity is assumed to be
related to undetected faults in the region.

"Starting with an average strain of 3 km/4 M yr, covering a

Central Washington area of 10° kmz, it was estimated that there

is roughly a 50% probability that an_unexpected, moderately-sized

earthquake would occur in any 100 kmZ site area, at least once in

106 yr. There are, of course, many uncertainties in an assess-

ment of undetected faults. It is concluded, however that the pro-

bability is very high that faulting will occur in the vicinity of
the repository (in the next 106 yr)" (Wight 1979).

The probability of faulting in the immediate repository area (100 kmz)
considered, in this isolated example, to be on the order of 10'6/yr to 10'7/yr.
It is therefore necessary to speculate on the type of fault and the potential

consequences of any such rupture. In California where the stresses tend to be

is

compressional on a regional scale, one would expect strike-slip faulting with
little or no permeability changes along the rupture zone. 1In some areas of the
Gulf Coast where the vertical stress is equal to or greater than the lateral
stresses, one might anticipate high-angle normal or tensional faults with
potentially significant permeability variations.

Another example is the Columbia Plateau region of eastern Washington where
the following observations have been made: 1) the area is currently undergoing
gentle north-south compression and has exhibited an average regional strain or
cumulative displacement of 3 km in the last 4 million yr, 2) below 10 km in
depth, the area appears to support a deviatoric stress of 100 to 700 bars,

3) the laboratory measured(a) shear, bulk, and Young's modulus for the
basalts are 0.23 to 0.30 Mb, 0.47 to 0.65 Mb, and 0.60 to 0.80 Mb, respec-
tively, 4) maximum observed displacement on a known high-angle reverse fault

(a) It is suggested that compressive, shear, and tensile strengths for basalt
in the field be taken as 15% to 25% of the laboratory measured values to
account for existing fractures.
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is 500 m, 5) at least one of the topographic basins is subsiding at present,
6) the maximum rate of subsidence in the past was approximately 6.0 x

10'3 m/yr during the outpouring of the flood basalts some 14 to 17 million
years ago, and 7) there is no evidence that would indicate a change from the
present regional state of stress in the immediate future (Coombs 1979).

If the regional state of stress has a negligible probability of signifi-
cant change in the next 106 yr, then the type of faulting anticipated for
the near future should be similar to faulting in the recent past. However,
there is no guarantee that the regional or strain rate will remain constant,
so speculating on the frequency and magnitude of future faulting is more dif-
ficult. Furthermore, little is currently known about induced increments in
permeabilities or hydraulic conductivities that might be associated with fault-
ing in the area. It must be concluded that, "While some relative permeability
data exists for fault zones, it is by virtue of surface measurements of rupture
through the surficial soil. To our knowledge, there are no in situ data
describing the relative permeability of deep rock fault zones, and any conclu-
sions would, therefore, necessarily be based on laboratory data" (Wight 1979).
It is important that future study focus on this "induced permeability,"
because fault rupture can result in the creation of a hydraulic flowpath.
Furthermore, if fluid potentials in the hydrologic system are sufficient, a
significant groundwater flow rate can be established along the path. However,
fault rupture and water flow along a hydraulic pathway by no means have a one-
to-one correspondence. In many cases, no permeability increases along the
fault zone are observed, and permeabilities perpendicular to the zone can actu-
ally decrease, thus creating a barrier to water flow.

Naturally the effects of faulting will vary according to the fundamental
nature of the faulting process and the mechanical characteristics of the mate-
rial being faulted. Maximum permeability changes will be developed in the
upper plates of thrust faults and along normal faults. Strike-slip faults such
as the San Andreas and Hayward faults in California are not noted for high
permeabilities (Davis 1979).

Faulting in alluvial (sedimentary) materials commonly reduces the hori-
zontal transmissivity of aquifers by producing gouge, localizing cementation
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by secondary minerals, reorienting fault clasts with their long axis parallel
to the fault plane, and offsetting permeable beds against nonpermeable zones.
Faulting in brittle rocks, on the other hand, may change local permeabilities
by several orders of magnitude. Flows of large volumes of water into mines and
tunnels along fault zones are widely reported in the literature. However,
despite the large initial volumes of water, the flow commonly decreases rapidly
because of the limited water storage capacity of fracture zones in hardrock.
Even when highly fractured, these rocks will rarely store water in more than

5% of their total volume. Thus the total amount of available water contained
in these hardrock permeable zones may be relatively small (Davis 1979).

In the above discussion it is assumed that the faulting is in the immedi-

2 area). However, there may also be

ate vicinity of the repository (100 km
consequences associated with an event occurring outside of this sensitive zone.
It would appear that the only impact on the repository would be vibratory shak-
ing. While this may prove to be significant during the operational phase of
the repository, it appears that vibratory excitation represents a negligible
hazard to a backfilled and sealed repository provided the backfill has been
properly engineered. Subsurface ground motion can be one-half to two-thirds of
the ground motion experienced at the surface. Therefore, it will be necessary
to engineer the backfills in such a way that the material acoustic impedences
are closely matched. To do this, seismic design criteria for the backfill may

be necessary (Wight 1979).

Thermal loading of the repository region may result in a variety of chemi-
cal and physical reactions. For example, dissolution of rock-forming minerals
such as salt, calcite, dolomite, gypsum, and silicates may increase the local
bulk permeabilities by many orders of magnitude (Davis 1979). If the fluid
potentials are such that the increased permeability accommodates increased
water flow, then the dissolution rate is increased. It is likely that as the
dissolved minerals are transported into cooler regions, the solution will
become supersaturated and deposition will commence. Such deposition might tend
to heal or close the flow path. In a similar manner, some hydrolytic and redox
reactions can reduce permeability. A common example is the precipitation of
iron and manganese oxides. Finally, creep might effectively close cracks in
some rocks under elevated pressures and temperatures. Thermal loading may also
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result in differential thermal expansion and contraction. Expansion might
cause decreased permeability, whereas the cooling and contracting phase might
cause dilation or opening of cracks.

Surficial Fissuring

In some parts of the country, especially the southwest, material loading
and unloading can induce shallow fractures commonly termed surficial fissures.
Stresses associated with large ice sheet loads in northern parts of the country
may also result in some surface tensional cracking. S. N. Davis discusses this
subject briefly.

Stresses giving rise to such near surface fractures could be related
to differential compaction of sedimentary materials, deep dessication
of sediments, changes of temperature, changes of mineral type such

as the transition from anhydrite to gypsum, short term stresses from
nearby earthquakes, gravitational instability during general uplift,
and many other phenomena. If these fractures are caused by tensile
failure and form open spaces, they are termed fissures. Fissures are
most common in nonindurated sediment in valleys of the Southwest.
They are widely reported from California, Arizona, and Nevada. Typi-
cally, fissures open to widths of from 5 to 50 mm and are afterwards
enlarged by water erosion as surface runoff cascades into the fis-
sures. Several lines of reasoning as well as limited subsurface
information suggest strongly that the fissures may extend downward

at least 100 m from the surface. For periods of from 2 to 10 yr,

the fissures accept impressive amounts of water and sediment and
undoubtedly from efficient channels for ground-water recharge. Some
fissures having lengths of less than 100 m have received more than
107 1 of water during a single storm event.

Somewhat related is the concept of surficial fracturing due to glacial
loading and subsequent isostatic rebound. In a discussion on the subject, Bull
(1979) cites work by Brotchie and Silvester (1969) and Peltier and Andrews
(1976). In these studies of the deformation of the earth's crust under super-
imposed ice loads, the authors conclude that the tensional stresses near the
edge of large ice sheets may be sufficient to cause surface fracturing. In a
separate study, Weertman (1978) calculates stresses in the range of 30 to
300 bars from loads associated with Laurentide ice sheet.

Bull continues by stating that stresses are greatest at the edge of the
ice sheet and that both the radial and tangential stresses appear sufficient
to result in fracturing. Fracturing thus caused, may be responsible for the
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formation of the Great Lakes, the Finger Lakes, and other water bodies marginal
to the large ice sheets. Some of these lakes are radial to the ice sheets,
others, tangential. Faults along the coast of Maine, probably initiated by
similar ice sheet stresses, are still active due to isostatic rebound.

Hydraulic Fracturing

Another potential fracture mechanism is hydraulic fracturing. Such exten-
sion fractures are found in a wide variety of geologic settings. Typically
these cracks are filled with fluid (e.g. water, 0il, gas) and it appears that
fluid pressures and pressure gradients have played an important role in dila-
tion and propagation of the fractures.

One example of man caused extensional fracturing is hydro-fracturing which
is a common method of stimulating flow in wells. A conservative assumption is
that many geologic materials have negligible tensile strength due to inherently
weak aggregation'or pre-existing but closed fracture. Theory suggests that if
the interstitial or pore fluid pressure is increased to the magnitude of the
minimum principal stress,(a) then the material is fractured in a dilational
mode with the fracture plane orientation being basically perpendicular to the
minimum principal stress. Some effort is necessary to quantify the probability
of man-caused fluid potential changes caused by secondary oil recovery, waste
fluid disposal, large irrigation or reservoir projects, and so forth. In addi-
tion, some estimate of the magnitude of the induced permeabilities should be
made.

Natural phenomena may also result in abrupt increases in subsurface fluid
pressures. Such changes could be produced by local ponding of rivers, changes
in ocean levels related to world-wide glaciation, erosion of sediments in river
valleys, changes in rainfall and advancement of continental ice sheets (Davis
1979). It may be possible to demonstrate, however, that virtually all natural
changes would be slow enough to permit equilibrium without the development of

(a) In areas such as California, which is undergoing active tectonic compres-
sion, the lateral stresses tend to exceed the vertical stress and the
minimum principal stress is vertical. In other areas like the interior
Gulf Coast, the state of stress can range from hydrostatic (all stress
components equal) to extensional (vertical stress exceeds the lateral
stresses).
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large transient pressures. It has been suggested that hydraulic gradients in
excess of 0.3 are not likely (Davis 1979). The exceptions may be glacial load-
ing and natural geopressurized zones similar to those found in some parts of
the Gulf Coast.

Summary
e The type of fractures being considered include: hydraulic fractures
caused by changes in interstitial fluid pressures, surficial fis-
sures caused by material loading or unloading, and faulting due to
compressional or extensional stresses. This includes rupture on
undetected faults, known "healed" faults, and virgin intact rock.

e The type of faulting, normal, reverse, thrust, or strike-slip,
depends on the state of effective stress in the area.

o Sea-floor spreading and plate tectonics help explain faulting in the
vicinity of plate boundaries. However, intraplate seismicity is not
well understood, but is infrequent.

e The primary release scenario involves creation of a hydraulic path-
way, significant groundwater flows, and continual replacement of the
fluid in the source aquifer.

e If a hydraulic path is developed, the following information is neces-
sary to quantify the consequences: 1) time of the breach relative
to waste emplacement; 2) pathlength to the biosphere, hydraulic con-
ductivities along the path, 3) fluid potentials, and 4) sorption
characteristics along the path.

e Thermally induced advective flow, hydrothermal alterations, thermal
stress cracking, salt density gradients, and other physical and
chemical interactions should be considered.

o Fault zones may be barriers to as well as conduits for the flow of
water. The result could be inundation of the waste without signifi-
cant flow through the repository.
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Estimates for faulting in an area should be based on the state of
effective stress, the material properties, recorded seismicity,
observable cumulative deformation in the region, average strain
rates, and anticipated changes in regional strain rates.

Surficial fissures can extend for 100 or more meters into the ground
and can accept significant amounts of water for a 2 to 10-yr period.

Radial and tangential fracturing due to continental ice loading, may
be a possibility near the margin of large ice sheets.

Potential consequences associated with fractures include: 1) crea-
tion of a hydraulic pathway and perturbations of fluid potentials,

2) creation of a barrier to lateral groundwater fluid and subsequent
changes in the water table, and 3) vibrational ground motions, which
may be insignificant if the backfill material is properly engineered.
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SURFACE HYDROLOGIC CONSIDERATIONS

Hydrologic factors desirable for a waste repository include: 1) low
interstitial and fracture permeability, 2) high effective porosity or storage
capacity, 3) low fluid potentials or hydraulic gradients, 4) lengthy flow paths
between the repository and the biosphere, and 5) high retardation or sorption
characteristics of the geologic media. These characteritistics are all subject
to change and some prediction of the likelihood, magnitude, and rate of change
is necessary for an assessment of long-term safety.

Ignoring for the moment the potential retardation of wastes by interaction
with the geologic media, it is possible to present the remaining four factors
in a simplistic mathematical form known as Darcy's Law.

_-k h
V=T

n
e

where V is the average velocity of the fluid, k is the intrinsic permeability,
No is the effective porosity, and h/1 is the fluid potential or hydraulic
head gradient. Throughout this report fluid potential or hydraulic gradient
values are given as dimensionless numbers, for example a gradient of 0.005 m/m
is given as 0.005. In a given increment of time, an incremental volume of
water will move an average distance that is the product of the velocity and
time. This is a crude measure of how far long-lived radionuclides might be
transported, assuming the velocity field is uniform both in time and space
(Bredehoeft et al. 1978). For example, since the desired transport path
length is <1000 m in 100,000 yr and porosity is 0.10 and the gradient is 0.01,

it is necessary that:

3
v =-% = lTéﬁl%Fm =1 x 1072 m/yr = 3 x 108 cm/sec
and
k= -V (1) = (3x 107 cn/sec) (0.1) (132) = 3 x 1077 cm/sec

Thus, the hydraulic conductivity along the flow path should be approximately
3 x 10'4 Darcys (Bredehoeft et al. 1978). For a million years, this becomes
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3 x 10'5 Darcys. Table 5 and Figures 16 and 17 lend perspective to repre-
sentative permeability values for geologic media. Values of 3 x 10"5 Darcys
are not difficult to obtain. The primary objective of this section of the
report is to address how permeabilities, fluid potentials, effective porosi-
ties, and transport pathlengths might vary at a given site in the future.

Many natural and man-caused phenomena can be cited as potential factors.
For example, crustal faulting, surficial fissuring, hydraulic fracturing, cli-
matic variations, denudations and stream erosion, sea level fluctuations,
glaciation, irrigation, and fluid waste disposal must all be considered in this
highly coupled, and in many cases poorly understood, system. Actual predic-
tion of how these phenomena will change a given site over the next 106 yr is
not compatible with existing technology. However, it may be possible to
address the variety of scenarios that might occur at the site and to bound in
a probabilistic manner the 1ikelihood, magnitude, and rates associated with
various changes to the geologic and hydrologic system.

TABLE 5. Representative Values of Permeability
for Natural Materials (Courtesy of
S. N. Davis, University of Arizona)

Permeability,

Description Darcys

Chert, Precambrian 1.1 x 1077
Mica schist 2.1 x 1070
Rock salt 7.3 x 1078
Gypsum 3.1 x 107°
Silt, Pascagoula Formation 3.8 x 1072
Sandstone, Catahoula Formation 5.5 x 10™°
Tuff, friable 1.4 x 1073
Dolomite 1.6 x 1072
Sandstone, friable 3.6 x 107!
Sand, alluvial 2.2

Sand, course 55.0

Limestone, Biscayne aquifer 1600
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FIGURE 16. Typical Permeabilities of Basin and Range
Province Rock (Courtesy of S. N. Davis,
University of Arizona)

We have already seen how the fracture permeability can vary due to crustal
faulting, surficial fissuring, and hydraulic fracturing. Obviously, if the
permeability of the system is increased, the potential for volumetric flow of
groundwater will also increase. However, there must exist a hydraulic head
gradient that can maintain the flow. Creation of a hydraulic pathway does not
necessarily indicate a steady-state flow of water along the path, nor does it
indicate that contaminated fluid reaches the biosphere.
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FIGURE 17. Representative Permeabilities of Gulf Coast
Materials (Courtesy of S. N. Davis.)

Igneous Rocks

Igneous rocks, such as granite, are generally brittle and susceptible to
fracturing. Weathered and highly fractured granitic material near the land
surface can support effective porosities and permeabilities approaching 30%
and 1.0 Darcy. Both porosity and permeability rapidly decrease with depth for
typical pressure and temperature conditions. Effective porosity at a depth of
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300 m in typical granitic stocks in the Basin and Range (physiographic) Pro-
vince is certainly less than 0.5% and may be less than 0.1% (Davis 1979). Con-
sequently, unless the induced fractures intersect aquifer systems overlying the
granitic stock, the source of water available for waste transport will be rap-
idly depleted. Even when highly fractured, granitic rocks will rarely store
more water than 5% of their total volume. Thus, the total amount of water con-
tained in these permeable zones may be relatively small, and the flow will com-
monly decrease rapidly with time (Davis 1979).

Experience in mines and tunnels reveals that permeable fault zones can be
excellent steady-state water producers even at depths greater than 300 m and
in some places greater than 1000 m. Three fundamental criteria appear neces-
sary to support such long term flow. First, the fracture must have produced
asperity offsets or gouge of sufficient strength to keep the cracks open
against the confining lithostatic pressures at depth, e.g., approximately
130 bars at 600 m depth. Secondly, the fault or fracture zone must have inter-
sected a significant source of water such as an aquifer system superimposed on
an igneous intrusion. Finally, a water sink is necessary. The tunnel or mine,
being at near atmospheric pressure, provides an excellent sink or low potential
discharge point. But a backfilled and sealed repository may or may not form
such a sink. A second possibility is that another aquifer system is inter-
sected and that a head differential between the lower and upper water bearing
zones will cause flow between the zones.

Figure 18 illustrates such a system for a granitic stock in the Basin and
Range Province. It can be seen that the source of water is at the land surface
or in shallow alluvium and that the sink or discharge point is in the porous
carbonate rocks at depth. S. N. Davis points out that field measurements of
the dispersivity of granitic rocks have not been made. He estimates, however,
that longitudinal and lateral dispersivities between 10 and 200 m might be
expected.

Salt Domes

Geometrically, salt domes might be considered analogous to the granitic
stocks just discussed. A conceptual model is presented in Figure 19. The
question of where the water sink might exist is equally valid for salt domes
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FIGURE 18. Basin and Range Granitic Stock (Courtesy of S. N. Davis,
University of Arizona)

since high permeability zones do not exist directly below the dome but are on
the flank. Unlike granite, however, it is difficult to envision how an induced
fracture system could remain open in salt, due to its plasticity at low strain
rates and the signficiant lithostatic pressures and temperatures postulated for
a repository. It would appear that active solutioning of the salt bounding

the fracture would be required to maintain an open flowpath. Such dissolution
requires the aforementioned source-sink system with a sufficient hydraulic
gradient between the two, and brine that is not already saturated by total
dissolved solids.

Ignoring man-caused dissolving for the moment, a more realistic scenario
for salt formations might involve fracturing of the relatively low permeability
caprock material (shale, anhydrite, gypsum, etc.), slow circulation of ground-
water from an overlying aquifer into one of the adjacent sedimentary aquifers,
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FIGURE 19. Conceptual Model for a Salt Dome (Courtesy of S. N. Davis,
University of Arizona)

and subsequent solution collapse with the cap reduced to rubble. This might
lead to continual dissolving of the salt at the top or the flanks of the dome
and exposure of the repository. A flow path through the salt is not required
and therefore the subject of fracture healing is not particularly relevant.
Water would actually be flowing in an ever-increasing gap between the salt and
the stronger caprock. If the stress difference across the caprock should then
become large enough, solution collapse of the system would be the resuit. Many
cases of such solution collapse are documented, especially the wildcat brining
operations of the early 1900s. As Davis points out, such salt dissolution
collapse might result in the discharge of nuclides into the sedimentary aqui-
fers that support porosities of from 15% to 35%, longitudinal dispersivities

of between 15 and 35 m, and transverse dispersivities of perhaps 5 to 50 m
(Borg et al. 1976). Fortunately the suggested rates for such natural dissolu-
tion of salt are slow enough so that exposure of a properly buffered repository
should not occur for tens of thousands of years.
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Bedded Salt

Figure 20 is a conceptualization of a repository in bedded salt in south-
eastern New Mexico. The main differences between this and a salt dome are
that: 1) the beds are less thick but wider, 2) bedded salt formations can have
both overlying and underlying aquifer systems, 3) the impurities and inter-
stitial water contents are greater for bedded salt, and 4) the alternate uses
appear to be less for bedded formations.

The two primary natural disruptions are still dissolution and fracturing.
Natural dissolution rates have been estimated at 0.002 to 2.00 mm/yr. Natu-
rally, man-caused dissolution would be exceedingly rapid. Fracturing of a
bedded salt formation has already been discussed in the synopsis of the Logan,
Claiborne, and Bertozzi studies.

Under existing climatic conditions, if either of the aforementioned sce-
narios occurred (fracturing and/or active dissolution), water from the over-
lying aquifer would slowly flush through the repository from upgradient to
downgradient (Davis 1979). The discharge point would probably be the sandstone
and carbonate formation below the host salt formation. Davis points out that
the water in this discharge zone is quite saline and therefore its value to man
is questionable.
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REDBEDS - SOME DOLOMITE
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FIGURE 20. Conceptual Model for a Bedded Salt Formation (Courtesy of
S. N. Davis, University of Arizona)
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Basalt

Figure 21 represents a repository in a basalt formation. The previous
discussions concerning the requirements for a water source, creation of a frac-
ture flow path, and a water sink also hold true for a layered basalt system.
Note that, once again, it is necessary to estimate the fluid potential differ-
ences in the bounding aquifer systems in order to quantify the direction and
magnitude of groundwater flow through a basalt repository. It has been sug-
gested that offset faulting could conceivably increase the permeability in the
basalt by as much as two orders of magnitude and that mineral dissolution might
enhance this effect. However, in the Columbia Plateau region of eastern Wash-
ington, examples can be found where the fracture system is actually a barrier
to water flow. This is due to the nature and orientation of the fault gouge
or to the offsetting of high permeability beds against low permeability beds
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FIGURE 21. Conceptual Model of a Repository in Basalt

43



on opposing sides of the fault zone. Details on Columbia River Basalts region
are available in a report entitled A Conceptual Simulation Model of Release

Scenario Analysis of a Hypothetical Site in Columbia Plateau Basalts,
(Stottlemyre et al. 1979).

Possible Changes in Fluid Potentials

This qualitative discussion has thus far centered around granitic, salt
(bedded and domed), and basalt hydrologic systems as they exist today. The
fundamental objective of the release scenario analysis is to estimate how
characteristics such as fluid potentials, permeabilities or transmissivities,
and transport pathlengths can change over tens or hundreds of thousands of
years.

Several factors of interest of changes in fluid potentials incliude: 1) an
increased infiltration at existing recharge points, 2) a spatial change in
recharge and/or discharge locations, 3) a change in the elevation between
recharge and discharge points, 4) an inundation of the repository site or
recharge areas by a surface water body, 5) perturbations of groundwater flow
patterns due to offset faulting, 6) removal of a low permeability layer, 7) the
creation of new flow paths that change the potentials. Naturally, climatic,
geomorphological, tectonic, glacial, and man-related phenomena are all poten-
tially involved. Each of these phenomena will be subsequently discussed. The
remainder of this section will be devoted to examples illustrating how changes
in fluid potentials might be quantitatively bounded at some repository sites.

Gulf interior salt domes under consideration as waste repositories are
typically 150 to 300 km inland from the present shoreline of the Gulf of
Mexico. The hydraulic gradient in the regional aquifers should not be
increased by more than about 30% in the event of a 100 m drop in the ocean
level. This is because as the water level decreases, the shoreline will rap-
idly migrate south and any added hydraulic head differences between the salt
domes and the new shoreline will be offset by the increased path length. Con-
versely, if all the worlid's ice caps were to melt and the ocean level increase
by as much as 100 m and inundate a dome, all hydraulic gradients would be
reduced to very low values, i.e., 0.005 or lower.
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The hydraulic gradients of aquifers shallower than about 100 m could be
increased up to 100% because of a three- or four-fold increase in precipita-
tion. Thus, the fluid velocities in these aquifers could realize a two-fold
increase. Aquifers below about 100 m should not be significantly affected by
increased rainfall or impounded water at the surface (Davis 1979). A decrease
in Gulf Coast rainfall would cause a decrease in shallow aquifer gradients, but
little change to the deeper ones.

An increase in the depth to base level and thus an increase in hydraulic
gradients might be caused by erosion. In the Gulf Coast, a 15 m lowering of
the base level occurred several times during the Pleistocene. This erosion
would provide head drops sufficient to increase hydraulic gradients in near-
surface aquifers by 40% to 60%. Aquifers below a few hundred feet will prob-
ably be affected by surface erosion by less than 10% (Davis 1979).

Fault offset of 1 to 10 m in the Gulf Coast region might create total or
partial barriers to groundwater flow. This could occur due to the offsetting
of permeable sands against relatively impermeable clays. Such flow barriers
might change the water table and fiow patterns on each side of the zone.

With respect to the bedded salt sites of New Mexico, climatic variations
could have significant effects on the groundwater potentials. Shallow, dis-
continuous bodies of alluvium and dune sand could become saturated if rainfall
tripled or if evapotranspiration were much lower. Based on existing topo-
graphy, the average hydraulic gradients in the Culebra dolomite could increase
from about 0.005 to about 0.007. Naturally changes in recharge or discharge
locations or relative elevations would significantly modify this estimate.

A drastic increase in precipitation might increase local hydraulic gradi-
ents in the Basin and Range Province around the Nevada Test Site. Davis
points out that if water levels rise so that standing water appears in Yucca
Flat, the total head drop between Yucca Flat and the regional discharge in Ash
Meadows, some miles away, will increase by at least 450 ft. The present head
drop is only about 45 to 60 m. It appears that a major part of the head drop
would be in the tuff formation, not in the carbonate aquifer. A two-fold
increase in the groundwater flow velocity is possible, but a four-fold increase
appears unrealistic.

45



In all cases, an increase in local precipitation does not signify a simi-
lar increase in groundwater recharge. The amount of fluid that a permeable
layer can accept in a unit amount of time depends on the infiltration rate, the
infiltration capacity, and the pressure under which the water is applied to the
recharge point. It is analogous to pouring water into a funnel. One can pour
the water faster than the funnel can drain and runoff will result. In a simi-
lar fashion, increased rainfall on a recharge area will cause some increased
groundwater recharge, but once the infiltration capacity is reached the
increased precipitation will be surface runoff. If a lake is superimposed on
the recharge point, the depth of the lake will determine the recharge pressure
and the surface water - groundwater system will ultimately attain equilibrium.
This new equilibrium can be defined by the volumetric flow in the aquifer and
the depth of the lake.

A hypothetical hydrologic system for the Columbia Plateau basalts will be
given in a final example. Some example hydrologic characteristics of the
Columbia Plateau Basalts are shown in Table 6. One natural phenomenon that
must be considered for this area is continental glaciation. A detailed dis-
cussion of glaciation is presented in the next section on geomorphology, how-
ever it can generally be asserted that the Pasco Basin has not been glaciated
in the recent past but has been the site for large inter- and post-glacial
flooding episodes and temporary lakes. Such a lake, possibly as deep as 300 m
would quickly increase the elevation of the unconfined water table, but the
uppermost basalt layer should buffer the underlying confined aquifers from this
surficial recharge.

The Columbia Plateau has been near the edge of several continental gla-
ciers. Therefore it is necessary to consider the possibility of groundwater
recharge during future episodes of continental glaciation. Under glacial load-
ing, the surface boundary conditions for recharge may be appreciably altered.
This is due to the weight of the ice and the presence of water at the base of
the ice sheet. In general, this water would be under a pressure equal to
0.09 bars/m of ice thickness. Free water would exist over appreciable areas
of the ice sheet beds and nearly all of this water, 0.5 to 3.0 cm/yr, would be
available for recharge (Bull 1979). Bull also points out that although the
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TABLE 6. Example Hydrologic Characteristics for an Area in the Columbia Plateau
Region (Courtesy of M. D. Veatch, Veatch, Shannon and Wilson, Inc.)
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total annual precipitation currently exceeds 3 cm, the recharge may be greater
under glacial conditions because of all-year recharge, surface pressure condi-
tions, and negligible evaporation.

Deep recharge under an ice sheet is not likely to affect sites in places
like Louisiana or New Mexico, because of their isolation from continental ice.
However, under extreme alpine glacial conditions or a more extensive Cordilleran
ice sheet, the Salina Basin and the Columbia Plateau might be affected to some
degree (Bull 1979). Note however, that groundwater recharge of regional aqui-
fers does not necessarily mean that hydraulic communication between aquifers
is increased. It is still necessary to devise a flow path through the low
permeability layers containing the repository.

Summary

Estimating how hydrologic parameters might change from their current
status at any given site is an important element of a long-term safety assess-
ment program,

e Hydrologic factors desirable for a waste repository include: 1) low
permeability, 2) high effective porosity, 3) low fluid potentials,
4) long flowpaths, and 5) high nuclide retardation or sorption
characteristics.

e These characteristics are subject to change at a given site, espe-
cially within 106 yr. An estimate of the probability, magnitude,

and the rate of change of the characteristics is necessary.

e For a zone with a 10% porosity and a hydraulic gradient of 0.0l1, a
permeability of 3 x 10'4 darcy is desirable. To limit water migra-
tion to less than 1 km in 105 yr, a permeability of 3 x 10"5 is
necessary for 106 yr.

e Fluid potentials can be affected by crustal faulting, surficial fis-
suring, hydraulic fracturing, climatic variations, denudation, stream
erosion, sea level changes, glaciation, irrigation, and fluid waste
disposal.
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Accurate prediction of how the hydrologic characteristics at a given
site will change over the next 105 to 106 yr is not currently
possible. However, it may be feasible to identify the various ways
that geohydrologic systems could be altered and to bound magnitudes
and rates in a probabilistic manner. In this way one would have a
set of possible future configurations of the geology and hydrology.
The priority in analyzing the states of hydrology and geology would
depend on their relative occurrence probabilities and their antici-
pated consequences.

Brittle fracture of granitic or basaltic rocks does not necessarily
dictate signficant groundwater flows along the path: the source of
water may be quickly depleted. An aquifer or surface water must be
intersected, if flow is to be maintained.

In addition to a continuous water source and creation of a fracture
flow path, a potential sink such as a mine, tunnel, or second aquifer
at a different dynamic head is necessary for a significant flow sys-
tem to exist. If the source is also the sink, then the fluid column
may be essentially static, subjected to thermally induced advection
or influenced by density and concentration gradients.

Fracture systems need not remain open indefinitely. Creep closure

in salt and mineral redeposition in hardrocks may heal the fractures.
Similarly, under the lithostatic pressures at depth, fracture gouge
or asperities are necessary to keep hardrock fractures open.

With respect to salt, fracturing of the caprock or bottom rock and
the sTow dissolving of the salt is the most realistic scenario lead-
ing to groundwater transport of wastes. Solution collapse is also a
distinct possibility.

Natural dissolution rates of from 0.002 to 2.0 mm/yr are reported in
the Titerature.

Fluid potentials might be affected by: 1) pressurized recharge,
2) a relative change in the location and/or elevation of recharge or
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discharge, 3) inundation by a surface water body, 4) offset faulting,
5) the removal of low permeability barriers, and 6) the creation of
new fracture flowpaths.

A 100-m drop in ocean level might increase the fluid potentials in
shallow Gulf Coast aquifers by 30%.

An ocean level increase of 100 m might inundate some coastal salt
domes, but hydraulic gradients in aquifers would be reduced to values
. of approximately 0.005 or lower.

A significant increase in precipitation (300%) could cause a two-fold
increase in hydraulic heads in shallow (<60 m) aquifers. Deeper Gulf
Coast aquifers should not be significantly affected.

The lowering of discharge points by erosion (by an estimated 15 m for
the Gulf Coast) might increase fluid potentials in shallow Gulf Coast
aquifers by as much as 40 to 60%. Deeper aquifers should not be
affected by more than 10%.

Offset faulting of 1 to 10 m in the Gulf Coast area could create
barriers to lateral groundwater flow, especially if permeable sands
are set against relatively impermeable shales.

Increased rainfall in southeastern New Mexico might increase the
gradients in the Culebra aquifer from 0.005 to 0.007 if surface
topography were to remain constant with time.

At the Nevada Test Site, a two-fold increase in hydraulic head in
the carbonate aquifers is likely to result from a major increase in
precipitation.

Increased rainfall and groundwater recharge are not on a one-to-one
correspondence. Much of the excess liquid becomes impounded surface
water or river runoff.
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If it should occur, continental glaciation or prolonged lake impound-

ment in the vicinity of the Pasco Basin could increase subsurface

recharge in the regional aquifers. However, increased flow in the

interbeds and other aquifers does not necessarily indicate flux

through any given basalt layer. Creation of a fracture flow path may

still be necessary.
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MAGMATIC ACTIVITY

INTRODUCTION

Most active volcanoes are located in the proximity of crustal plate
boundaries which are generally areas of high seismicity (Figure 22). However,
midplate volcanism is possible, both in oceanic and continental areas. About
62% of all volcanoes active in history are in the circum-Pacific "circle of
fire"; about 14% of these are in the Indonesian Island arc. Only 24% are
located throughout the rest of the world. Of these, 3% are in the islands of
the central Pacific, 1% on the islands of the Indian Ocean, and 13% in the
Atlantic Ocean. Approximately 4% are located in the Mediterranean Sea and in
northern Asia Minor. The remaining 3% are found in midcontinental areas;
mostly associated with the African rift system (Claiborne and Gera 1974,
Bullard 1962).

These facts cause Claiborne and Gera (1974) to state, "The rise of magma
requires extensive faulting of the lithosphere. While there are no volcanoes
without great faults, there are many faults without volcanic manifestations.,
Thus we can state that, in general, the probability that there will be volcanic
activity in a tectonically stable area with no magmatic manifestations must be
significantly lower than the probability of formation of a great fault." It
must be emphasized, however, that a primary assumption implicit in this state-
ment is that the fault system associated with magmatic activity is of suffi-
cient size to be detected during the site survey. Figure 22 shows several
major volcanoes in North and South America and Africa. It illustrates the
geographic distribution of these events.

Naturally, not all magmatic activity is extrusive. Intrusive magmatic
activity that could fracture low permeability layers, transport the waste
closer to the surface, and/or create active hydrothermal systems could also
exist. Thermal and mechanical effects of intrusive magmatic activity must be
considered. The size and type of the intrusion would be the primary factor
determining the potential consequences. Batholiths, sills, and dikes must be
considered. The area occupied by such bodies ranges from a few square kilo-
meters to hundreds of thousands of square kilometers.
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FIGURE 22. Examples of Major Volcanoes

Before discussing the potential consequences associated with magmatic
activity, it should be noted that due to the lack of field data and a specific
site, estimating probabilities and analyzing consequences is an extremely dif-
ficult undertaking. It may well be that magmatic emplacement rates can be
shown to be slow enough that the problem can be dismissed. If not, it will be
necessary to estimate probabilities and potential consequences on a site-

specific basis.
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POTENTIAL CONSEQUENCES

Assuming that some form of magmatic activity occurs in the vicinity of a
waste repository, several factors will control the pathway and dispersal dis-
tance of any entrained wastes.

The composition of the magma is quite important. In general, basaltic
eruptions tend to be nonexplosive and could transport radioactive material up
to about 300 km. It may be that the wastes would be entombed in the lava flow
upon cooling and solidification. The Columbia River basalts are an excellent
example of this magma composition. Silicic volcanic eruptions, on the other
hand, are commonly highly explosive, mainly due to the high viscosity asso-
ciated with greater silica content.

The exact location of the volcanic activity relative to the repository
site is of primary importance. Direct intersection of the repository site by
the volcanic conduit could result in immediate incorporation and transport of
radioactive material. An increase in the distance from the conduit to the site
causes a time lag from the onset of volcanism until incorporation and dispersal
of waste material (Crowe 1979).

Assuming that the waste is contacted by magmatic material, several dis-
persal mechanisms are possible. Table 7 illustrates generalized transport dis-
tances of common volcanic processes associated with various types of volcanic
eruptions. Dispersal mechanisms can be divided into two classes: 1) those
mechanisms that are controlled by topography and are active primarily on the
steep slopes of a volcano and closely adjacent areas (lava flows, volcanic mud-
flows, pyroclastic flows), and 2) air-fall activity that is controlled by the
explosiveness of an eruption and prevailing wind directions (Crowe 1979).

A special case of magmatic activity involves an igneous body rising to an
unspecified depth below the repository site. The size of such a body could
vary from square meters to thousands of square kilometers. Potential conse-
quence of such emplacement would include: broad domal uplift and radial and
concentric fractures, accelerated erosion rates, faulting, juxtaposition of a
hydrothemal convection system above the magma chamber, and upward propagation
and eruption of surface volcanism fed from the igneous body. This could be

54



B. Large Cauldrons
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TABLE 7. Transport Distances For Several Types of
Magmatic Eruptions
: Pyroclastic
Magma Type Lava Flows Lahars Flow Air Fall
- Flood Basalts 300 km -—- --- -—
Basaltic "cinder cones" 10 km 5 km --- 30 km
Basaltic "Phreatic" 10 km 6 km 20 km regional
Andesitic "composite 5-10 km 30 km 30 km regional
- cone"
Silicic "Crater Lake" 5 km 40 km 50 km global
Decreasing Slope Wind
Frequency Control Control
Major Types Size
Basaltic A. Strombolian Height: 100-500 m
Width: 300-1000 m
Disruption Depth: 200 m
B. Phreatomagmatic Height: 50-200 m
(Magma-water steam Width: 0-.3-3 km
explosions) Disruption Depth: 200 m
Andesitic A. Composite Volcano Height: 0.5-3 km
Width: 1 km - 5 km
Disruption Depth: 0.5-4 km
B. Caldera (single Height: 0.5-3 km
A center) Width: 2 km - 10 km
Disruption Depth: 0.5-5 km
Silicic A. Dome Compiex Height: 0.5-2 km

Width: 1 km - 10 km
Disruption Depth: 0.5-4 km

Height: 1-3 km
Width: 5-30 km
Disruption Depth: 1-10 km



manifested as magma or as a geyser of steam. Parameters controlling the magni-
tude of these potential events include: depth of the igneous mass, dimensions
and volume of the body, and residence time as a molten body (a function of
initial cooling mechanisms and heat replenishment mechanisms.)

In addition to volcanism occurring at or immediately adjacent to the
repository, volcanic activity well away from the repository site can occur.
There is a much higher probability of this. Effects decrease rapidly with
increasing distance from the site. At distances greater than 50 km, effects
of many types of volcanic activity would be minimal. Major silicic volcanic
eruptions would have the following possible consequences: surficial mantling
by pyroclastic material; vegetation, drainage, and erosional modifications;
and climatic alteration (Crowe 1979). Major basaltic flows could result in a
surficial magma load and potentially some diagenesis or physical alterations
of sedimentary material in the vicinity of the repository. Shale and sandstone
might be particularly sensitive to such burial and the associated increased
pressures and temperatures.

Any probability estimates concerning magmatic activity will have large
uncertainties, but it may be possible to bound the estimated phenomena rates.
Geological or geophysical surveys may indicate that volcanic activity is not
particularly relevant to most sites.

EXAMPLES OF PAST STUDIES

Logan 1978

Logan, in a report on southeastern New Mexico, addressed the question of
volcanogenic transport. He lumped magma transport, volatile transport, and
hydrothermal transport into one single phenomenon category and proceeded to
calculate expected frequency rates for the Delaware Basin. The probability of
a volcanic disturbance affecting a repository was then computed, based on a
ratio of repository surface area to basin surface area.

It was assumed that there had been one volcanic event in the last 2.00 x

8 yr and that the frequency in the future would not deviate from this pat-

10
tern. Thus, a 5 x 10'9/yr rate was established. Geometrical manipulations
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based on a 50 km2 repository sensitivity area resulted in a total probability
estimate of 8 x 10'12/yr. Transport to a shallower depth, without surface
expulsion, was arbitrarily assigned 8 x 10'11/yr. Finally, violent volcanic
events were estimated at 2 x 10'12/yr based on the fact that violent explo-
sions occur at a rate of 0.3 times the basic volcanogenic activities.

The report also cites work that estimates volcanism on a global scale.
Midcontinental volcanism, based on this approach, was estimated to be 9 x
-11
10 ~“/yr.

Based on geometrical arguments, Logan computed the fraction of the reposi-
tory that would be affected by the volcanic activity. He assumed that half of
this total would reach the biosphere. The final results indicated that 7.5%
of the waste contents would be exposed by a volcano and 0.6% by an explosive
eruption.

Claiborne and Gera

Claiborne and Gera (1974) did not to analyze magmatic activities in gen-
eral. They correlated the probability of volcanism to the probability of large
scale faulting and stated that volcanism would be significantly less probable.
Furthermore, they maintain that the consequences would be less serious than
those for the impact of a giant meteorite, which they described in detail.

Bertozzi et al.

In a more recent study in West Germany (Bertozzi et al. 1978), magmatic
activity was categorized as: 1) extrusive activity directly capable of exhum-
ing the wastes, 2) intrusive activity that fractures impermeable layers bound-
ing the bedded salt layer, and 3) intrusive activity causing partial uplift of
the wastes. The probability of extrusive magmatic activity exhuming the waste
is directly related to the probability of a great fault.

This faulting probability was reduced by a factor based on the probability
of magma rising through the fault, should faulting occur. No explanation was
given concerning how the magnitude of this factor was derived. Table 8 pre-
sents the results of this study. Note that all numbers reflect an integrated

probability. For example, there is a 2 x 107 change during the 106—yr

time period.
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TABLE 8. Probability of Volcanism (Bertozzi et al. 1978)

Years
10t 10° 105
Large Faulting 0 4x10% 44107
Magma through fault 0 1 x 1073 5 x 1073
Total 0 4x10° 2x107

-Intrusive magmatic activity capable of fracturing impermeable layers was
given serious consideration. Both the possible thermal and mechanical effects
were discussed. Example consequences include temperature rise in a thermo-
metamorphic belt surrounding laccoliths, shrinking of clays and associated
changes in layer permeability, enhanced plasticity and flow in the salt, and
high water-vapor pressures.

The lack of site specific data makes estimating probability values
extremely difficult. It is assumed that no intrusive activity takes place at
the time of waste disposal and that significant fracture systems are required.
Significant fractures could be induced only by deep tectonic stresses. it is
then assumed that a time span of at least 104 yr is required to build up
stresses of the required magnitude. For longer periods, for lack of a better
argument, the probabilities are related to large faulting. Therefore, the
results in Table 9 are closely related to Table 8.

TABLE 9. Probability of Igneous Intrusion Fracturing Impermeable
Layers (Bertozzi et al. 1978)

Years
108 10° 10° 10°
Magmatic Intrusion 0 0 4 x 1072 5 x 1077

These probability values also apply to an intrusive body that contacts the
wastes, transports the nuclide inventory to a shallower depth and then cools
and solidifies. A1l of the aforementioned thermal and mechanical effects would
have to be considered for this scenario. It must be emphasized, however, that
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there is very little reason to attempt to identify occurrence probability dif-
ferences between all extrusive and intrusive phenomena, since the relative
height difference of a few hundred meters is rather insignificant.

Current Study at Pacific Northwest Laboratory

The PNL study on magmatic activity is being conducted by Bruce Crowe of
Los Alamos Scientific Laboratories. It should be emphasized, however, that
emphasis is on the emplacement rates and dispersal mechanisms associated with
magmatic phenomena. The occurrence probability numbers appear so small that
signficant refinement of probabilities does not seem warranted until a specific
site is selected.

SUMMARY

e Only 3% of the currently active volcanoes are in midcontinental
areas, with the majority of these being associated with the East
African Rift.

e Magmatic activity at a reasonable depth below the repository is
assumed nonexistent at the time of waste emplacement, since the
associated features would be detectable.

e Intrusive as well as extrusive activity must be considered. The con-
sequences may be different, but it is assumed that the probability
of occurrence is basically the same.

e Extrusive activity can be nonexplosive (flood basalts) or explosive
(silicic volcanoes). Dispersal can be via lava flows, mud flows,
pyroclastic flows, and air-fall.

e Igneous activity can result in broad domal uplift and development of
radial and concentric fractures, faulting, accelerated erosion rates,
development of a hydrothermal convention system, and geyser actvity.

e Volcanic activity within a 50 km radius of the repository but not
directly intersecting the wastes might result in: surficial loading,
drainage and erosional changes, climatic changes, and diagenesis with
potential changes in permeability of sedimentary layers.
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e Past studies have resulted in probability numbers for magmatic

activity ranging from 0.0 in the first 104 yr to 10'7 in 106 yr.

e The PNL study is emphasizing emplacement rates and dispersal mechanisms
since the probability values appear to be sufficiently small for most
sites that additional order-of-magnitude refinement is not warranted.
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GEOMORPHOLOGY

INTRODUCTION

For this report, geomorphology includes changes in the land surface due

to large-scale slope failure, denudation, stream erosion, glacial erosion,
coastal erosion, and general sedimentation. The following discusses both
causes and effects associated with these geomorphological phenomena.

Concerning slope failure, the following topics are considered:

slopes existing at the time of repository closure

initiation of new slopes sufficiently steep or unstable to cause failure
maintenance of the slope against erosion

geologic and hydrological features favorable to failure of the slope

consequences of slope failure, e.g., material removal or deposition,
energy release, and fracturing

the range of occurrence probabilities.

Topics covered under the category of denudation and stream erosion

include:

distribution of observed rates

consequences of material type and man's activities
effects of climate and topography

epeirogenic uplift

removal of an impermeable Tlayer

reduction in transport pathlengths

Glacial erosion is discussed under the headings:
ice-scouring rates

melt-water stream and major flood erosion

probability of glaciation
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e deep groundwater recharge
e fracturing.
With respect to coastal erosion, the following topics are considered:
e ocean-level fluctuations (amplitudes, rates and frequencies)
e effects of erosion, sedimentation, and hydraulic gradients,

Slope Failure

A major consideration with regard to slope failure is the creation and/or
maintenance of a substantial hillside slope. Obviously, in areas of gentle or
flat topography, slope failure is of less consequence than in steep topography.
It is assumed that a repository will be placed in an area with gentle topo-
graphy, therefore processes such as faulting that could create a steep slope
(e.g., fault scarp) are of primary interest.

Some mechanisms that could result in the creation of a slope include
regional epeirogenic movements (magmatic activity, erosion, sediment deposi-
tion, or isostasy), and orogenic diastrophism (faulting, diapirism) (Bertozzi
et al. 1978).

Conditions other than slope initiation may be required to cause slope
failure. The uplift must be rapid enough to preclude stream erosion from
negating the slope formation. Sufficient water saturation or head, jointing,
low shear-strength, layer anisotropy and favorable dip must also be considered.

Epeirogenic movements would probably not result in sufficiently steep
slopes. Therefore the probability of slope failure should be correlated dir-
ectly with large scale faulting or diapirism. Estimates from the probabilities
of slumping in Western Germany are presented in Table 10.

It should be noted that in arid and semiarid climates, slope retreat may
be of particular significance. Cliffs at the edges of mesas commonly retreat
at rapid rates while losing little elevation. Melton (1965) reports sliope
retreat rates of 60 to 210 m/lO6 yr. If a repository were located in such a
region for the purposes of siting above the water table, new probability num-
bers would have to be considered.
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TABLE 10. Slumping or Large Scale Mass Wasting Probabilities
(Bertozzi et al. 1978)

Time, Yr

10>  10° 10° 10°
Probability of an event 0 0 1 x 10-6 3 x 10-5
causing 500 m accumulating
vertical displacement
Maintainance of the slope - - 1 x 100 3 x 10-1
against erosion
Geologic suitability(a) - - 1 x 10-2 1 x 10-2
Overall probability of 0 0 1 x 10-8 1 x 10-7
removing 500 m of over-
burden by the slumping
process
Overall probability of 0 0 1 x 10-7 1 x 10-6

removing 250 m of over-
burden by the slumping
process

(a) layer anisotropy, favorable dip, significant liquid saturation

Cover removal is one obvious consequence of slope failure. Thus if the
repository became part of a growing anticline or uplifted fault block, slope
failure could conceivably reduce the size of the buffer zone. Major landslides
are most likely to occur during and immediately following a glacial interval,
and their probability for the Columbia Plateau under those conditions is esti-
mated at 10'5/yr (Tubbs 1979).

The third general consequence attributable to slope failure is surficial
fissuring. The motion down grade of large slab-like blocks can result in
escarpments and shallow fissures that in some cases resemble the surface
expression of faults. These fissures might increase the effective recharge to
the unconfined groundwater system, but should not be a signficant threat to a
deeply buried repository.

In conclusion, it appears that slope failure is not a particularly serious
issue for a repository located in an area of low relief and low tectonic
activity.
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General Denudation

Denudation refers to a general broad-based lowering of the land surface
due to erosion and must be distinguished from stream or glacial downcutting.
It appears highly unlikely that denudation could cause exhumation of a reposi-
tory; however, removal of tens of meters of cover is possible. This could
change the transport pathlength for nuclide migration and/or result in the
removal of a relatively impermeable layer. Subsequent vertical groundwater
recharge or enhanced stream erosion might result.

A general denudation rate for the Pasco Basin in the Columbia Plateau
region has been estimated at 50 m/ 106 yr under present conditions. This
could be increased approximately 50% under more adverse climatic conditions
(Scott 1979). 1In the West German study, a rate of 100 m/lO6 yr is proposed
(Bertozzi et al. 1978). The possibility of exceptionally high denudation rates
(hundreds of meters per million years) cannot be excluded a priori; however,
such rates appear to be highly unlikely. Table 11 summarizes the West German
conclusions.

The rate of denudation is site dependent. It depends, for example, on
climate, topography, material lithology, and to a major extent on human acti-
vity. Erosion rates can be increased by as much as one order of magnitude by
injudicious farming practices (Judson 1968). Tables 12 and 13 1ist long-term
denudation rates for several geographical regions and Table 14 illustrates the
influence of relief and climate on denudation. Naturally, areas of recent
orogenesis (mountain building) have the greatest relief and the highest denuda-
tion rates.

TABLE 11. Probabilities of Massive Denudation
(Bertozzi et al. 1978)

Time, Yr
1048 10° 100
Probability of 500 m denudation 0 108 1077
Probability of 250 m denudation 0 108 107
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TABLE 12. Past and Present Rates of Denudation (from Menard 1961)
(Gera and Jacobs 1972)

Area Volume Ratio of
Denuded, Time,(a) Deposits, Denudation, Past Rate, Present Rate, Past and
Region 106 km? 106 yr 106 km3 km cm/1000 yr  cm/1000 yr Present Rate
Appalachian 1.0 125 7.8 7.8 6.2 1.1(d) 5.6
Mississippi 3.2 150 11.1 6.9 4.6 4.6(e) 1.0
(1.6)(b)
Himalaya 1.0 40 8.5 8.5 21 100(f) 0.2
Rocky MountaZn 0.8 25 0.6 0.7 3 -— ——-
(L. Cret.)\C
Rocky MountaZn 0.4 40 2.2 4.8 12-20 -—- ---
(U. Cret.)(c)
(a) Geological Names Committee, 1958, U.S. Geological Survey
(b) Area denuded in past
(c) Gilluly (1949)
(d) Suspended load of rivers + 33% (33% added by Leopold et al., 1964)
(e) Suspended load of rivers + 10% (10% added by Leopold et al., 1964)
(f) Suspended load of rivers
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TABLE 13. Rates of Regional Erosion in the United States (Modified from
Judson and Ritter 1964) (Gera and Jacobs 1972)
Drain?g? Average
Drainage Area,\d Runoff Load, tons/kmZ/yr Denudation, % Area Years of
Region 103 km¢ 103 m3/sec Dissolved Solid Total cm/1000 yr  Sampled Record
Colorado 629 0.6 23 417 440 17 56 32
Pacific Slope 303 2.3 36 209 245 9 44 4
California
Western Gulf 829 1.6 41 101 142 9 9
Mississippi 3238 17.5 39 94 133 99 12
South Atlantic 736 9.2 61 48 109 19 7
and Eastern
Gulf
North Atlantic 383 5.9 57 69 126 10
Columbia 679 9.8 47 44 101 39
TOTAL 6797 46.9 43 119 162

(a) Great Basin, St. Lawrence, and Hudson Bay drainage not considered.



TABLE 14. Relative Rates of Denudation in Uplands and Lowlands in Different
Climates (Modified from Corbel 1959) (Gera and Jacobs 1972)

Estimated Rate
of Denudation,

Physiographic Environment cm/1000 yr
Lowlands: slope = 0.001 1.5
Periglacial climate, permafrost 2.9
Climate with snow accumulation in winter 2.7

Temperature oceanic climate (Lower Rhine, Seine,
Lower Loire)

Continental climate (Missouri-Mississippi) 5.8
Hot-dry climate (Mediterranean-New Mexico) 1.2
Tropical desert climate (Central Sahara) 0.1 (?)
Hot-moist climate with dry season 3.2
Hot-moist climate, equatorial 2.2

Mountains: slope = 0.01

Periglacial climate (Glamaa, Bovra, Mt. Drac, Arve) 60

Extreme nival climate (Southeastern Alaska) 80

Oceanic climate, intermediate elevation 22

Mediterranean climate, high elevation 45
(Durance, Gran Sasso)

Mediterranean climate, semi-dry 10
(Isonzo, Brenta)

Hot-dry climate (Southwestern United States) 18
(Tunisia)

Hot-moist climate (Usumacinta) 9.2

Schumm (1963) obtained the curve shown in Figure 23 by plotting the
denudation rates for drainage areas of about 500 km2 versus the relative
relief of the basin (relief of basin divided by basin length). An extrapola-
tion from a drainage basin of one size to a basin of differing size may be done
using a relationship prposed by Brune (1948). According to this relation,
rates of denudation are inversely proportional to the 0.15 power of the drain-
age area. Because the basin length is constant, the figure also shows the
increase in denudation rates as the relief of the basin is increased to as much
as 9000 m (Schumm 1963, Brune 1948, Gera and Jacobs 1972).
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FIGURE 23. Relation of Denudation Rates to Relief-Length Ratio and
Drainage Basin Relief

Stream Erosion

Average denudation rates do not reflect the much greater rates possible
for Tocal stream erosion. Gera and Jacobs (1972) used the Grand Canyon to
illustrate this point. They concluded that the Grand Canyon, 350 km long and
1600 m maximum depth, was formed in 1.5 to 2 million years during which time
the general region was being uplifted to a height of 1800 to 2400 m above sea
level. These estimates result in a stream erosion rate of 800 m/ 106 yr,
which is five times as high as the regional denudation rate (160 m/ 106 yr).
This is not an isolated case. Many valleys show evidence of changes in flood
level in Quaternary times of tens to hundreds of meters (Fournier 1960;
Goldberg and Griffin 1964; and Holeman 1968). It has been estimated that the
maximum stream erosion rate possible in the Pasco Basin near Hanford is
approximately 350 m/ 106 yr assuming a commensurate rate of anticlinal uplift
in the area. Without such uplift, the rate should be only 50 m/ 106 yr
(Tubbs 1979).
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Denudation rates in Figure 23 are adjusted to drainage areas of about
4000 km2. Curve 1 is based on the average maximum denudation rate of
91.5 cm/1000 yr when relief-length ratio is 0.05. Curve 2 is based on actual
data from small drainage basins in areas underlain by sandstone and shale in
semi-arid regions of the Western United States (Modified from Schumm 1963)
(Gera and Jacobs 1972).

The consequences associated with denudation or stream erosion are not
limited to a reduction of transport pathlength (overburden thickness). It is
quite possibie that removal of an impermeable layer would permit local
vertical recharge and new groundwater circulation patterns. Therefore, it is
important to select a site where excessive erosion in the future is unlikely.
As a guide, it appears that uplifting of an area has an effect an order of
magnitude greater on erosion rates than does changing the local climate (Gera
and Jacobs 1972).

Glacial Erosion

In this discussion, glacial erosion refers to ice scouring, local melt-
water stream erosion, and massive flood erosion of the Missoula type. The
Titerature on the subject of ice erosion can be summarized in one statement:
Erosion rates are temporally and spatially extremely variable, and the cause
of this is not totally understood. White (1972), suggests that hundreds of
meters of erosion occurred on the Canadian Shield due to late Quaternary ice
sheets, while other investigators contend that erosion of only tens of meters
is indicated, with an average of possibly three meters per glacial cycle
(Sugden 1976, Mathews 1975). The periphery of an ice sheet is normally a
depositional environment, however melt-water streams can in some cases result
in deep linear erosion (Sugden 1976 and 1977). The Finger Lakes, for example,
appear to have this origin. The erosion of the basins of the Great Lakes is
probably also due to ice sheet action, possibly associated with fracturing of
the crust under the ice sheet 1oad (Brotchie and Silvester 1969, Bull 1979).

Ice sheets have advanced and retreated several times in the last 106 yr.
It is intriguing to note that "relic" Great Lakes (those cut during the earlier
glacial episodes and subsequently filled by later episodes) are not observed.
This leads one to conclude that the same basins are eroded time and time again.
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Consequently, Bull states; "In future glaciations of North America, deep ero-
sion by ice action will occur only in those areas where deep erosion has
already occurred".

Some additional estimates of glacial erosion can be found. From the
quantity of sediments carried to the deep Atlantic by ice-rafting and other
mechanisms, an average of 16 m of continental material must have been eroded
in the last 3 x 106
sion rate because the computations ignore the erosion products in solution and
fine suspension (Bull 1979).

yr (Ruddiman 1977). This is 1ikely to be a minimum ero-

The rate of glacial erosion is controlled by several factors: 1) rate of
glacier movement, 2) thickness of the ice, 3) physical characteristics of the
base of the glacier, 4) erodibility of the geological material beneath the
glacier, and 5) topography (Gera and Jacobs 1972).

Table 15 presents examples of present rates of glacial erosion (Corbel
1959). According to Corbel, present glacial erosion is, on the average, four
times more effective than fluvial erosion. If only maximum observed rates are
considered, then glacial erosion is 25 times as effective as flood erosion.

Gera and Jacobs (1972) conclude that glacial erosion differs considerably
from stream erosion and therefore deserves careful consideration, not only
because of the very high rates that it can attain, but also for its capacity
to extend the erosive action many hundreds of meters below sea level.

According to Tubbs massive floods can, in some geographic areas, be asso-
ciated with glacial episodes. A classical example is the series of Missoula-
type or scabland floods that have occurred in eastern Washington State.

. recurrence of scabland floods or Columbia Valley glacial
outburst floods as described in the literature will almost
certainly inundate the Pasco Basin again. Such flooding did not
occur only at the end of the glacial episodes, but also occurred
as a result of ice-front fluctuations during glaciation. The
probability of such a flood occurring during any 100-yr period
within or immediately following a glacial interval appears to be
approximately 0.01. Although various such floods have probably
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TABLE 15. Present Rates of Glacial Erosion (Data from Corbel 1959,

Gera and Jacobs 1972)

Name of Name of Geographical Denudation,

Torrent Glacier Location cm/1000 yr
France Valais, France 100
Bossons Chamonix, France 180
Nant Blanc Etendard French Alps 160
Heilstruga Norway 140
Memurelven Norway 160
Auserfjotur Iceland 220
Jokulisa Iceland 220
Hoffelsjokull Iceland 320
Hofsjokull Iceland 180
Isortok Western Greenland 250
Saskatchewan Canada 200
Muir(2) Alaska 500
Hidden(®)  Alaska 3000

(a) The rate of erosion mentioned by others for this glacier is

four times higher

(b) This extremely high rate of erosion is related to a period
of very rapid advance at the beginning of this century. The

front of Hidden glacier

advanced about 3 km at the rate of

10 to 15 m/day. During this period, the glacier produced
This short-term phenomenon is

30,000,000 m3 of sediments.

normally called a surge.

been impounded to various depths, a lake elevation of 350 m is

generally accepted. This represents a volume of 175 cubic miles

of water within the Pasco Basin alone.

Estimates of the persis-

tence of such a lake range from two days to two weeks, with one

week probably being the most reasonable figure . . .

(Tubbs 1979).

Tubbs concludes that seven to nine such flooding episodes might occur in

the Pasco Basin in the next million years and that the transient impoundment

of such a large quantity of water might significantly affect groundwater

recharge and water table elevations.
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Glacial Frequency

Since the geomorphology of an area may be significantly affected by .
glaciation and associated flooding, some consideration of the occurrence fre-
quency to be anticipated is warranted. It must be emphasized that no single
theory of climatological, glacial, and ocean-level interaction is accepted by
the earth science community. However most authors believe that, barring man's
intervention, a new glacial episode is likely in the next 10,000 to 20,000 yr
and may begin as soon as 4,000 yr from now (Bull 1979). Fortunately, there is
an inherent time delay between the onset of glaciation and any impact on
repository sites in the northern United States.

A computation of the probability of a given site being glaciated depends
in part on: 1) the occurrence of North American continental glaciation, 2) the
site latitude, and 3) the local topography. Thus, the probability for a site
in New Mexico may nearly be zero, whereas the probability of at least one such
glaciation at Columbus, Ohio in the next 106 yr is close to 1.0 (Bull 1979),
The chance of continental ice covering Columbus in the next 4,000 to 10,000 yr,
assuming no significant interference by man, is 0.25 to 0.50 (Bull 1979).

In the West German study (Bertozzi et al. 1978), the probability that an
appropriately chosen site in Germany will be glaciated in the next 106 yr is
given as 0.01. The probability that such a site will be eroded to a depth of
250 to 500 m in 10% yr is then given as 5 x 107°
bability being 5 x 10'6. This was estimated based on the ratio of total
surface area of ancient glacial lakes to the total surface area extent of
Pleistocene glaciation in West Germany.

, the total resulting pro-

Coastal Geomorphology

In this report, coastal geomorphology refers primarily to the effects of .
a fluctuating ocean level. This section is devoted to a brief discussion of
how the ocean level may change over the next 106 yr, and how the change might
affect erosion rates, sedimentation, and hydraulic gradients within 150 to -

300 km of the coast.
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Numerous variables influence sea level fluctuations. These include:
1) the galactic cycle which is on the order of 200 to 250 M yr, 2) paleogeo-
graphy or continental migration, 3) earth orbital physics with a 41,000 yr
cycle of axial tilt, a 21,000-yr cycle of precession, and a 95,000-yr cycle of
orbital eccentricity, all of which may superpose into a master 100,000-yr
cycle, and 4) the solar cycle with its variable sun spot density (Schwartz
1979).

A1l of these factors tend to manifest themselves by changing the state of
world "eustasy." Eustasy is subdivided into glacio-eustasy which is a change
in the quantity of water, and tectono-eustasy which is a change in the shape
of the container or basin (Schwartz 1979). Table 16 shows the amount of
change, total range, and rate of both glacio- and tectono-eustatic changes of
sea level for a period of one million years.

At present, the sea level is rising at 3 to 4 mm/yr (1 to 2 mm/yr glacio-
eustatic and 2 mm/yr subsidence). It is estimated that a short-term maximum
rate of ocean level increase would be 2 to 4 cm/yr. Similarly, a fall in sea
lTevel would be at rates of 3 to 4 mm/yr to 4 cm/yr (Schwartz 1979).

Coastal erosion rates vary from less than 0.01 cm/yr in hard rocks to a
typical 1 m/yr in soft sediments, to 1 m/day in mud lumps or new volcanic mate-
rial. Typically, however, the result of coastal erosion is leveling along a
sloping coastal plane (Schwartz 1979). The total magnitude and direction of
erosion is a combination of vertical and horizontal components.

Sediment accumulation rates can be up to 0.20 m/yr during periods of
uplift. To simulate such erosion and deposition, it is necessary to consider

TABLE 16. Changes in Sea Level (Courtesy of M. L. Schwartz,
Western Washington University)

Type Amount Range Rate
glacio-eustatic +100 m 200 m fast (105 yr)
tectono-eustatic +250m 500 m  slow (106 yr)

possible combination  +350 m 700 m
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the following scenarios: 1) steady state, 2) available extra sediment, 3) a
scarcity of sediment, and/or 4) variations in the wave and tidal regime
(Schwartz 1979).

Sea level fluctuation can affect subsurface hydraulic gradients as well
as surface gradients. In general, ocean-level increases will decrease hydrau-
lic gradients and ocean-level decreases will increase gradients, especially if
the coastal region is flat. In the Gulf Interior salt dome region hydraulic
gradient in the regional aquifers would be increased about 30% for a 100 m drop
in ocean level (Davis 1979).

Coastal erosion and sedimentation are not particularly significant to a
repository buried at a depth of 600 m or more. However, perturbation to sub-
surface hydraulic gradients due to a lowering of the base level should be con-
sidered. In addition, ocean inundation should be considered to be a possibility
for any coastal site where the land surface is less than 100 to 200 m above
present sea level. Such inundations would cause a decrease in lateral hydrau-
lic gradients and an increase in vertical recharge on water table elevations.

It has been suggested that ocean inundation might lead to sedimentation,
and that if a sufficient thickness of sediments were to accumulate and some
form of differential compaction or loading were to occur, renewed salt-dome
growth (diapirism) might result. Diapirism might fracture caprocks and cause
salt dissolution. This upward motion of the dome appears to be continuing in
areas close to the Gulf of Mexico but has apparently ceased in the inland dome
regions (Kehle 1979). There is some disagreement about the potential for
renewed uplift. In general, however, most researchers agree that the process
leading to renewed diapirism requires hundreds of thousands or millions of
years,

Kehle considers the potential for renewed growth of inland domes to be
negligible. He suggests that dome growth is a single cycle, self-perpetuating
process and that seismic and borehole analyses can reveal where on the growth
curve any given dome may currently reside.
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Summary

This section briefly discusses: 1) slope failure, 2) denudation,
3) stream erosion, 4) glacial erosion, 5) coastal erosion, and
6) sedimentation.

Slope failure is most likely to occur on a steep slope and can be
enhanced by increased water saturation or head, jointing, low shear
strength, layer anisotropy, and favorable dip.

Slope failure might cause a reduction of overburden thickness, and/or
surficial fissuring.

It appears that slumping is not a particularly serious issue for an
area with low relief and low tectonic activity. Furthermore, epeiro-
genic uplift should not initiate slumping activity.

Examples of denudation rates include: 1) 100 m/106 yr for West
Germany, 2) 50 to 75 m/106 yr for the Pasco Basin, and
3) 160 m/106 yr for the Grand Canyon area.

The rate of denudation depends on climate, topography, material
lithology, and human activity.

Examples of stream erosion rates include: 1) 50 m/106 yr for the
Pasco Basin without anticlinal uplift, 2) 350 m/106 yr for the
Pasco Basin with uplift, and 3) 800 m/106 yr for the Grand Canyon.

The potential consequences associated with denudation and stream
erosion include: a reduction of overburden thickness, the removal
of a relatively impermeable layer, and enhanced vertical groundwater
recharge.

It appears that uplifting an area has an order of magnitude greater
impact or erosion rates than does changing the local climate.

Glacial erosion involves ice scouring, local selective melt-water
stream erosion, and massive flood erosion of the Missoula type.

Ice erosion rates are temporally and spatially variable. The magni-
tudes of such erosion may vary from a few meters per million years
to hundreds of meters per million years.
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Future deep erosion by ice action will probably occur only in those
areas where deep erosion has already occurred.

Based on present glacial activity, ice erosion is, on the average,
four times more effective than fluvial erosion.

The probability of massive flooding in the Pasco Basin during and
immediately following a glacial eposide is 10'4/yr and the conse-
quence would be an impounded lake in the Pasco Basin and transient
~vertical groundwater recharge.

The potential consequences associated with glaciation include:

1) removal of overburden and potentially a low permeability confining
layer, 2) flooding and short-term impoundment of water in lowland
areas, 3) fracturing near the margin of the ice sheet, and 4) deep
groundwater recharge near the margin of the ice sheet.

Sea level may vary by as much as +100 m over a 105-yr period due
to glacial activity; and by +250 m over 106 years due to tectonic
activity.

At present, the ocean is rising at 3 to 4 mm/yr. Potential rates
are 3 to 4 mm/yr to 4 cm/yr.

Coastal erosion and sedimentation are not considered significant to
a deeply (>600 m) buried repository.

Sea-level fluctuations can affect hydraulic gradients in near-coastal
aquifer. For example, a 100 m fall in ocean level might increase
hydraulic gradients by 30% in the Gulf Coast area.
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Alluvial Fan

Alluvium

Anticline

Aquifer

Aquitard

Basement

Basin

APPENDIX

GLOSSARY OF GEQHYDROLOGIC TERMS

A fan-shaped deposit formed by a stream either
where it issues from a narrow mountain valley
onto a plain or broad valley, or where a tribu-
tary stream joins a main stream.

The detrital materials eroded, transported, and
deposited by streams; an important constituent of
shelf deposits. Also known as alluvial deposit;
alluvion.

A fold in which layered strata are inclined down
and away from the axes.

A formation, group of formations, or part of a
formation that contains sufficient saturated
permeable material to yield significant quanti-
ties of water to wells and springs.

A confining bed that retards but does not prevent
the flow of water to or from an adjacent aquifer;
a leaky confining bed.

1. A complex, usually of igneous and metamorphic
rocks, that is overlain unconformably by sedi-
mentary strata. 2. A crustal layer beneath a
sedimentary one and above the Mohorovicic
discontinuity.

1. A low-lying area, wholly or largely sur-

rounded by higher land, that varies from a small,
nearly enclosed valley to an extensive, mountain-
rimmed depression. 2. An entire area drained by
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Batholith

Block Faulting

Breccia

Cap Rock

Chert

Clastic

a given stream and its tributaries. 3. An area
in which the rock strata are inclined downward
from all sides toward the center. 4. An area in
which sediments accumulate.

A body of igneous rock, 40 square miles or more
in area, emplaced at great or intermediate depth
in the earth's crust.

A type of normal faulting in which the crust is
divided into structural or fault blocks of dif-
ferent elevations and orientations. It is the
process by which block mountains are formed.

1. Fragmental rock whose components are angular
and therefore, as distinguished from conglome-
rates, are not waterworn. There are friction or
fault breccias, talus breccias, and eruptive
breccias. 2. A rock made up of highly angular
coarse fragments. May be sedimentary or formed
by crushing or grinding along faults.

1. A disk-1ike plate over all or part of the top
of most salt domes in the Gulf Coast states com-
posed of anhydrite, gypsum, limestone, and
occasionally sulfur. 2. A comparatively
impervious stratum immediately overlying an oilor
gas-bearing rock.

A hard, dense, micro- or cryptocrystalline rock
composed of chalcedony and microcrystalline
quartz. Also known as hornstone; phthanite;
silexite; white chert.

Rock or sediment composed of fragments that have
been transported from their place of origin, as
sandstone and shale.
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Conglomerate

Consolidated (material)

Dome

Ephemeral Stream

Epoch

Erosion

Fault

Fault Block

Fault System

Cemented, rounded fragments of water-worn rock or
pebbles, bound by a siliceous or argillaceous
substance.

In geology, natural materials that have been made
firm, cohesive, and hard.

1. A circular or elliptical, almost symmetrical
upfold or anticlinal type of structural deforma-
tion. 2. A large igneous intrusion whose sur-
face is convex upward.

A stream or reach of a stream that flows briefly
only in direct response to precipitation in the
immediate locality and whose channel is at all
times above the water table. The term may be
arbitrarily restricted to a stream that does not
flow continuously during periods of as much as
one month.

A division of geologic time; when capitalized it
becomes a formal division of geologic time cor-
responding to a series of rock and a subdivision
of a period.

The group of processes whereby soil or rock mate-
rial is loosened or dissolved and removed from a
part of the earth's surface.

A fracture or fracture zone along which there has
been displacement of the sides relative to one
another parallel to the fracture.

A rock mass that is bounded by faults; the faults
may be elevated or depressed and not necessarily
the same on all sides.

Two or more fault sets that interconnect.
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Fission Product

Fissure

Flood Plain Deposit

Foliation

Geochemistry

Geohydrology

Geoid

Geomorphology

Geophysics

Geothermal

Glacial Lobe

Any radioactive or stable nuclide resulting from
nuclear fission, including both primary fission
fragments and their radioactive decay products.

An extensive crack in a rock.

Sandy and clayey sediment deposited by river
water spreading out over a flood plain.

A laminated structure formed by segregation of
different minerals into layers that are parallel
to the schistosity.

The study of the chemical composition of the
various phases of the earth and the physical and
chemical processes which have produced the
observed distribution of the elements and
nuclides in these phases.

The science dealing with underground water, often
referred to as hydrogeology.

The figure of the earth considered as a sea-level
surface extended continuously over the entire
earth's surface.

The study of the origin of secondary topographic
features that are carved by erosion in the pri-
mary elements and built up of the erosional
debris.

The physics of the earth and its environment,
that is, earth, air, and (by extension) space.

Pertaining to the heat of the interior of the
earth.

A tonguelike projection from a continental
glacier's main mass.
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Glacial Maximum

Glaciation

Graben

Ground Water or Groundwater

Hydraulic Damming

Hydraulic Gradient

Hydrostatic Pressure

Hydrothermal

Interfluve

Interstice

The time or position of the greatest extent of

any glaciation; most frequently applied to the
greatest advance toward the equator of Pleistocene
glaciation.

Alteration of any part of the earth's surface by
passage of a glacier, chiefly by glacial erosion
or deposition.

A block of the earth's crust, generally with a
length much greater than its width, that has
dropped relative to the blocks on either side.

Subsurface water occupying a saturation zone.

Temporary ponding of water produced by a channel
constriction. ‘

Represents the vertical change in the ground-water
surface elevations per unit of horizontal.

1. The pressure at a point in a fluid at rest

due to the weight of the fluid above it. Also
known as gravitational pressure. 2. The nega-
tive of the stress normal to a surface in a fluid.

An adjective applied to heated or hot aqueous
solutions, to the processes in which they are
concerned, and to the rocks, ore deposits, and
alteration products produced by them. Hydro-
thermal solutions are of diverse sources, includ-
ing magmatic, meteoric, and connate waters.

The district between adjacent streams flowing in
the same general direction.

An opening or space between one thing and
another, as an opening in a rock or soil that is
not occupied by solid matter. On the basis of
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Intrusion

Isopach

Joint

Laccolith

Lava

Lithification

Lithology

origin, it may be classified as an original
interstice or a secondary interstice; on the
basis of size, as a capillary interstice, a sub-
capillary interstice, or a supercapillary inter-
stice. Syn: void; pore. Adj: interstitial.

1. The process of emplacement of magma in pre-
existing rock. Also known as injection; inva-
sion; irruption. 2. A large-scale sedimentary
injection. Also known as sedimentary intrusion.
3. Any rock mass formed by an intrusive process.

A line drawn on a map through points of equal
thickness of a designated stratigraphic unit or
group of stratigraphic units. Cf: isochore.
Syn: isopachous line; isopachyte; thickness
line; thickness contour.

A fracture that traverses a rock and does not
show any discernible displacement of one side of
the fracture relative to the other.

A body of igneous rock intruding into sedimentary
rocks so that the overlying strata have been
notably 1lifted by the force of intrusion.

Fluid rock such as that which issues from a
volcano or a fissure in the earth's surface; also
the same material solidified by cooling.

1. Conversion of a newly deposited sediment into
an indurated rock. Also known as lithifaction.
2. Compositional change of coal to bituminous
shale or other rock.

1. The physical character of a rock, generally
as determined megascopically or with the aid of a
low-power magnifier. 2. The microscopic study
and description of rocks. Petrography.
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Loess

Low-Angle Fault

Mafic

Magmatism

Mantle

Monocline

Orogeny

Qutcrop

Permeability

An essentially unconsolidated, unstratified
calcareous silt; commonly it is homogeneous,
permeable, and buff to gray in color, and

contains calcareous concretions and fossils.,

A fault, the dip of which is 45° or less. Cf:
high-angle fault.

Refers to an igneous rock composed chiefly of one
or more magnesium and iron-bearing, dark-colored
minerals.

The formation of igneous rock from magma.

The intermediate shell zone of the earth below
the crust and above the core (to a depth of
3480 kilometers).

A stratigraphic unit that dips from the hori-
zontal in one direction only; not as part of an
anticline or syncline.

The process of forming mountains. Especially the
intense deformation of rocks by folding and
faulting which, in many mountainous regions, has
been accompanied by metamorphism, invasion of
molten rock, and volcanic eruption; in modern
usage, orogeny produces the internal structure of
mountains, and epeirogeny produces the mountain-
ous topography. Also known as orogenesis,
tectogenesis.

Exposed stratum or body of ore at the surface of
the earth. Also known as cropout.

The capacity of a porous rock, soil, or sediment
for transmitting a fluid without damage to the
structure of the medium. Al1so known as
perviousness.
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Plateau Basalt

Pluton

Pluvial

Porosity

Recharge

Regional Metamorphism

Rift

A term applied to those basaltic lavas that occur
as vast composite accumulations of horizontal or
subhorizontal flows and which, erupted in rapid
succession over great areas, have at times
flooded sectors of the earth's surface on a
regional scale. They are generally believed to
be the product of fissure eruptions.

In the strictest sense, a body of igneous rock
that has formed beneath the surface of the earth
by consolidation from magma. In a broader sense,
it may include bodies composed of pseudoigneous
rock that formed beneath the surface of the earth
by the metasomatic replacement of an older rock.

1. Due to the action of rain. 2. Pertaining to
deposits by rainwater or ephemeral streams.

That portion of an aquifer's volume which con-
sists of openings or pores; that is, the propor-
tion of its volume not occupied by solid material.
Porosity is an index of how much ground water can
be stored in the saturated material and is usually
expressed as a percentage of the bulk volume of
the material.

1. The processes involved in the replenishment
of water to the zone of saturation. 2. The
amount of water added or absorbed. Also known as
ground-water increment; ground-water recharge;
ground-water replenishment; increment; intake.

Geological metamorphism affecting an extensive
area.

1. narrow opening in a rock caused by cracking
or splitting. 2. A high, narrow passage in a
cave.
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Rift Valley

Rift Zone

Roentgen (R)

Runoff

Sedimentary Basin

Seismicity

Shield

Sill

Sinkhole

A deep, central cleft with a mountainous floor in
the crest of a midoceanic ridge. Also known as
central valley; midocean rift.

A system of crustal fractures and faults.

Unit of air exposure to electromagnetic radiation
(IR = 2.58 x 1074 coulombs/kg air).

1. Surface streams that appear after precipita-
tion. 2. The flow of water in a stream, usually
expressed in cubic feet per second; the net
effect of storms, accumulation, transpiration,
meltage, seepage, evaporation, and percolation.

Geologically depressed area with thick sediments
in the interior and thinner sediments at the
edges.

The phenomena of earth movements. Also known as
seismic activity.

A continental block of the earth's crust that has
been relatively stable over a long period of time
and has undergone only gentle warping in contrast
to the strong folding of bordering geosyclinical
belts. Mostly composed of precambrian rocks.

1. Submarine ridge in relatively shallow water
that separates a partly closed basin from another
basin or from an adjacent sea. 2. A tabular
igneous intrusion that is oriented parallel to
the planar structure of surrounding rock.

A funnel-shaped depression in the land surface
generally in a limestone region communicating
with a subterranean passage developed by solution.
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Slickenside

Static Head

Stock

Strain

Stratigraphy

Stratum

Strike-Slip Fault

A surface that is polished and smoothly striated
and results from slippage along a fault plane.

Pressure of a fluid due to the head of fluid
above some reference point.

(Geo1) See pipe. (Petr) A usually discordant,
batholithiike body of intrusive igneous rock not
exceeding 40 square miles in surface exposure and
usually discordant.

Change in length of an object in some direction
per unit undistorted length in some direction,
not necessarily the same; the nine possible
strains form a second-rank tensor.

A branch of geology concerned with the form,
arrangement, geographic distribution, chronologic
succession, classification, correlation, and
mutual relationships of rock strata, especially
sedimentary. Also known as stratigraphic geology.

A tabular or sheet-l1ike mass, or a single and
distinct layer, or homogeneous or gradational
sedimentary material (consolidated rock or uncon-
solidated earth) of any thickness visually separ-
able from other layers above and below by a
discrete change in the character of the material
deposited or by a sharp physical break in deposi-
tion, or by both; a sedimentary bed. The term
should be restricted to sedimentary material and
is generally considered to be synonymous with
"bed". The term frequently used in its plural
form, strata. Lamina.

A fault, the actual movement of which is parallel
to the strike of the fault.
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Syncline

Tectonic

Tectonism

Terrace

Thrust Fault

Topography

Transmissivity

A fold in rocks in which the strata dip inward
from both sides toward the axis. Ant: anticline.

0f, pertaining to, or designating the rock struc-
ture and external forms resulting from the
deformation of the earth's crust. As applied to
earthquakes, it is used to describe shocks not
due to volcanic action or to collapse of caverns
or landslides.

1. Crustal instability. 2. The structural
behavior of an element of the earth's crust dur-
ing, or between, major cycles of sedimentation.

1. A horizontal or gently sloping embankment of
earth along the contours of a slope to reduce
erosion, control runoff, or conserve moisture,

2. A narrow coastal strip sloping gently toward
the water. 3. A long, narrow, nearly level sur-
face bounded by a steeper descending slope on one
side and by a steeper ascending slope on the
other side. 4. A benchlike structure bordering
an undersea feature.

A low-angle (less than a 45° dip) fault along
which the hanging wall has moved up relative to
the footwall. Also known as reverse fault;
reverse slip fault; thrust slip fault.

The physical features of a district or region,
such as are represented on maps, taken collec-
tively; especially, the relief and contour of the
land.

In an aquifer, the rate at which water of the
prevailing kinematic viscosity is transmitted
through a unit width under a unit hydraulic
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Underthrust

Uplift

Upwarping

Water Table

gradient. Though spoken of as a property of the
aquifer, it embodies also the saturated thickness
and the properties of the contained liquid.

A thrust fault in which the lower, active rock
mass has been moved under the upper, passive rock
mass.

Elevation of any extensive part of the earth's
surface relative to some other parts.

The upwards warping or uplift of a regional area
of the earth's crust, usually as the result of
the release of isostatic pressure, e.g., melting
of an ice sheet.

The planar surface between the zone of saturation
and the zone of aeration. Also known as free-
water elevation, free-water surface, ground-water
level, ground-water surface, ground-water table,
level of saturation, phreatic surface, plane of
saturation, saturated surface, water level,
waterline.
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