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ABSTRACT

Utilizing performance criteria that are based upon siting guidelines issued
by DOE for postclosure as well as preclosure conditions* a preliminary
hydrologic evaluation and ranking is being conducted to determine the
suitability of five sedimentary rocks as potential host rocks for a high-level
radioactive waste repository. Based upon both quantitative and qualitative
considerations* the hydrological ranking of the rocks in order of their
potential as a host rock for the disposal of radioactive wastes would be shale*
anhydrock* sandstone* chalk* and carbonates* with the first three rocks being
significantly better than the remaining two types.

I. INTRODUCTION

A preliminary evaluation and ranking of the suitability of five
sedimentary rock types as potential host media for the disposal of high-level
radioactive wastes is being conducted under the Sedimentary Rock Program (SERP)
at the Oak Ridge National Laboratory (ORNL) for the U.S. Department of Energy
(DOE). The rocks under investigation are shale* anhydrock* chalk* carbonates
(limestone and dolostone)* and sandstone. Although the complete evaluation and
ranking of these rock types includes consideration of the hydrologic* geologic*
rock mechanical* geochemical* and thermal factors that would affect the
construction* operation* and performance of a potential repository in each of
these rocks* only the findings related to the hydrologic elements of the study
are discussed here.

This study is confined to a generic* hydrologic consideration of
anhydrock* chalk* carbonates* shale* and sandstone. It is specifically
restricted to existing information and data, thus field and laboratory tests
for purposes of developing new data were specifically excluded from
consideration from the onset of the study. Because specific sites are
purposefully not considered* reference site stratographics and characteristics
were developed to allow for the analysis necessary to the evaluation and
ranking of the rock types.

* Research sponsored by the Office of Nuclear and Chemical Waste Programs*
U.S. Department of Energy under contract DE-AC05-840R21400 with Martin
Marietta Energy Systems* Inc.
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II. EVALUATION AND RANKING CONSIDERATIONS

The performance criteria used to evaluate and rank the five rock types
in this study were adopted from DOE1*, 10 CFR 960 Siting Guidelines (1984) and
refer to the period of time before and during closure of the repository as
"preclosure" and to the period after closing as "postclosure." For the
preclosure guidelines 1n 10 CFR 960* it is clear that the only hydrologic
disqualifying condition is any expected groundwatt. ~ condition that would
require engineering measures that are beyond the state of available technology
to construct shafts and/or construct* operate, and close the repository. Since
excessive groundwater inflow into the shafts any repository workings 1s
probably the most likely condition that would lead to the need for such '
non-routine engineering measures* groundwater inflow was selected as the
preclosure criterion for the hydrologic evaluation and ranking of the five rock
types. With this approach* a single hydrologic performance measure
(groundwater inflow rate) is used to integrate all of the geologic and
hydrologic parameters that would have significant impact on the construction
and operation of a repository.

Pre-waste-emplacement groundwater travel time was selected as the
criterion for postclosure because it considers many of the hydrologic factors
affecting the isolation capability of a potential repository and because it is
the only disqualifying condition given in 10 CFR 960. Specifically* an
expected pre-emplacement groundwater travel time to the accessible environment
(10 km from the controlled area of the repository) of less than 1000 years
would disqualify a potential repository site in any rock type from further
consideration. Further a pre-emplacement groundwater travel time of more than
10,000 years is considered in 10 CFR 960 to be a favorable condition for
siting. It is noted* however* that while pre-emplacement groundwater travel
time incorporates many hydrologic parameters of concern Into a single measure
of performance, it does not consider all hydrologic factors related to the
postclosure isolation potential of a waste repository. Notably*
pre-emplacement travel time does not consider thermal driving forces*
dispersion, or radionuclide sorption phenomena.

III. HYDROLOGIC PROPERTIES

In order to estimate the pre-waste-emplacement groundwster travel time
(postclosure criterion) for the five rock types* it is first necessary to
solve the steady-state flow equations to derive potential fields. Velocity
fields are then developed from the potential fields and travel times are then
estimated by solving purely advective equations for the geometries, boundary
conditions, and material properties of the reference sites for analyse*. Thus,
hydraulic conductivity and effective porosity are the material p*>gperties
required for the travel time analyses for each of the five rock types.

In this investigation, groundwater inflow is defined as the volume of
water per meter of drift per unit of time that would enter the subsurface
excavations of a repository as a function of time following excavation. Thus,
the analyses for estimating the inflow of groundwater (preclosure criterion)



into the repository workings for the five rock types involves solving the
transient flow equations for the geometries, the boundary and initial
conditions, and the material properties of the reference sites. Hydraulic
conductivity and specific storage are therefore the material properties that
must be obtained for the inflow analyses at the sites. Discussions on the
development and utility of the data bases for these properties are given below.
In all cases the data bases reflect those subsets of the five rock types that
may reasonably be considered for waste disposal. It is noted that the
literature search, while not exhaustive, did not indicate sufficient data for
many of the hydrologic parameters to permit the derivation of typical
probabilistic values and ranges. Thus, the "high" and "low" values that
bracket the typical value are not intended to be statistically rigorous but are
merely intended to account for the likely variations in properties.

A. Hydraul1c Conductivity

Literature on the hydrologic properties of anhydrock was found to be the
most difficult to find of all rock types studied. The limited laboratory and
field results indicate that anhydrock has a very low hydraulic conductivity.
Core results range from 4 x 10 - 3 to 1.6 x 10~B m/s and are typically on the
order of 1 x 10" 1 1 m/s (Croff, 1985). Field test results indicate that
horizontal conductivities range from 1,5 x 10 1 to 2.3 x 10~9 m/s and are
typically on the order of 1 0 ~ n to 10" 1 0 m/s (Croff, 1985). Field observations
of anhydrock in outcrop indicate an intense pattern of very closely spaced,
short fractures. The similarity between the core and field results is
supported by these observations which indicate that the fracturing may be on a
sufficiently small scale that the effects are seen in the core. In view of
these similarities and of the reported inability to measure the lower
conductivity horizons in some field tests, the typical data valves are taken
to be 1 x 10" 1 1 m/s for horizontal hydraulic conductivity and 1 x 10" 1 2 m/s
for vertical hydraulic conductivity. Probable maximum and minimum values are
assumed to be one order of magnitude higher and lower, respectively, than the
typical values.

Although considerable Information was found to be available from
laboratory analyses of core samples, little information was found from in situ
field tests for chalk. Both types of data were available from sites in England
and Texas (Croff? 1985). The field hydraulic conductivity of chalk formations
was found to vary greatly, depending upon the degree of fracturing. The
English chalks for which data were available are used locally as major water
supply aquifers, while the Texas chalks are much tighter and contain oil and
gas. The field data for the Texas Austin chalk represents the acre permeable,
fractured portions of the formation, although some 503 of the formation has
been estimated to be relatively unfractured (Croff, 1985).

The hydraulic conductivity values adopted for the data base represent the
tighter end of the conductivity range, because only these chalks might be
reasonably considered for nuclear waste disposal. The typical data base values
adopted for this study are a horizontal conductivity of 1 x 10~7 m/s and a
vertical conductivity of 5 x 10"8 m/s. The high and low values of the
conductivity range are one order of magnitude greater and lower than these



values. These values are lower than the lowest available field data and
reflect the lower conductivities expected in the relatively unfractured
portions of a chalk formation.

The literature on carbonates is relatively abundant for the more highly
conductive member; but is scarce for the tighter members of interest 1n waste
disposal. Hydraulic conductivities for the more highly conductive carbonates
can be very high/ exceeding 1 x 10 m/s iflrace* 1980). These are among the
highest conductivities observed in any rock type. Core data are generally
orders of magnitude lower- than field values* reflecting the importance of
fractures in controlling hydraulic conductivity (Croff* 1985). A detailed
review of the literature surveyed 1n this study indicated that the lower
conductivity field data generally reflected either relatively thin beds of
little interest to mined geologic disposalf or parts of thicker beds (Croff*
1985). Taking this into account* the typical data base values adopted for
this study are a horizontal conductivity of 1 x 10 m/s and a vertical
conductivity of 5 x 10~7 m/s. The high and low values of the conductivity
range are again one order of magnitude greater and lower than these values.

Information on sandstone* like carbonate.* is relatively abundant in the
hydrology literature for the more highly conductive members* with data on
the lower conductivity members originating primarily in the oil and gas
literature. Representative hydraulic conductivity values for sandstone range
from 1 x 10~5 m/s on the high end to 1 x 10"11 m/s on the low end (Croff*
1985). Core data were found to be similar in magnitude to field data*
indicating a smaller influence of discrete fractures and a greater dependence
of fluid movement on the bulk porosity {Croff* 1985).

Thick beds of very tight sandstones are found at many locations. The
properties of these sandstones were therefore adopted for the data base. The
typical data base values adopted for this study are a horizontal conductivity
of 1 x 10 m/s and a vertical conductivity of 5 x 10 m/s. The high values
of the conductivity range are two orders of magnitude higher than the higher
values* and the low values are one-half an order of magnitude lower than the
typical values. This asymmetric range was selected to reflect the large number
of more permeable sandstones than ought be considered for waste disposal.
The hydrologic properties of shale are not abundant in the literature because
of its poor aquifer properties* and much of the available data originates
from the oil and gas literature. Core data were found to be similar in
magnitude to field data* indicating little influence of fractures on
groundwater movement (Croff, 1985). Thick beds of very tight shales are found
at many locations. The typical data base values adopted for these shales are a
horizontal conductivity of 1 x 10'1 m/s and a vertical conductivity of 1 x
10 m/s. The high and low values of the conductivity range are one order
of magnitude higher and lower than the typical values.

B. Effective Porosity

Effective porosity is traditionally considered to be that part of the
total porosity that is actively involved in conducting fluid flow. In
practice* effective porosity is measured in tracer tests and is equal to the
ratio of the specific discharge (flow rate per unit area) across a surface to
Othe linear particle velocity of groundwater movement across that same surface.



As 1s evident from its measurement* "effective porosity" is determined purely
from hydraulic factors and 1s in fact a hydraulic rather than a volumetric
property of the rock.

Because of the lack of data on effective porosity in many rock types* it
was usually necessary to estimate the magnitude of this parameter from total
porosity data. Such data are available from laboratory tests on cores and
from geophysical density Togs 1n the field. The laboratory tests have the
problem of small sample volumes* while the field tests have calibration
uncertainties. Despite these difficulties* the laboratory values of total
porosity are normally considered to be reasonably representative of field
conditions* and the primary source of uncertainty is in approximating the
effective porosity from the total porosity data. Because of the influence
of fractures* the rock mass effective porosity of anhydrock would be expected
to be lower than that observed in core measurements (Croff* 1985). The adopted
data base typical values are 0.01 for total porosity and 0.001 for effective
porosity. The ranges are approximately one-half order of magnitude higher
and lower than the typical values.

Although the interstitial porosity of the chalk is high* it has been found
to be pressure and therefore depth sensitive. Because a repository would be
expected to be relatively deep* the porosity data base was selected to
represent the lower end of the range {Croff* 1985). In addition* the
significant role of fractures in governing fluid movement suggests that
effective porosity will be considerably lower than total porosity in chalk.
In the adopted data base typical values are 0.10 for total porosity and 0.001
for effective porosity. The ranges are approximately one-half order of
magnitude higher and lower than the typical values.

In view of the offsetting influences of the fracturing and of the
relatively high matrix porosities locally observed in many cerbonates, the
effective porosity was assumed to be one order of magnitude lower than the
total porosity (Croff* 1985). The adopted data base typical values are 0.10
for total porosity and 0.01 for effective porosity. The ranges are variable*
extending to one order of Magnitude on the low side for effective porosity.

Although sandstone porosities can be relatively high* the data base w&s
selected to emphasize the tighter sandstones (Croff, 1985). The weak influence
of fractures indicated by the hydraulic conductivity data suggests a smaller
difference between total and effective porosity than was expected for the
rock types previously discussed. The adopted data base typical values are
0.08 for total porosity and 0.01 for effective porosity. 1he high and low
values are within an order of magnitude of the typical values, with the
greatest range being assigned to the high value because of the potentially
significant influence of flow in the unfractured matrix in the higher
conductivity sandstones.

Because shale can be relatively compressible depending upon its stress
history* the porosity of shale can be relatively high. The data base was
selected to emphasize the compacted* older shales thil .rould be expected to
have been relatively deeply buried and therefore more representative of shales
at typical repository depths (Croff* 1985). The difference between total and



effective porosity is expected to be small 1n shale because of the generally
low influence of individual fractures on groundwater movement. The adopted
data base typical values are 0.03 for total porosity and 0.01 for effective
porosity. The high and low values are within an order of magnitude of the
typical values* and largely reflect uncertainties in degree of compaction.

C. Specific Storage

Specific storage is a measure of the volume of water that can be removed
from or added to a volume of rock due to pressure changes within that volume.
Specific storage 1n deep, confined strata results from the compressibility
of the water and rock, and is orders of magnitude lower than specific storage
in a water table aquifer where storage changes result primarily from emptying
or filling unsaturated void space.

Accurate measurements of specific storage are obtained from multiple well
interference te.-+.s in the field. However, no field data were found in the
literature on specific storage for any of the low conductivity media considered
in this study to be suitable for waste disposal. In addition, specific storage
is not normally measured using core samples because of a lack of accuracy.
Under such circumstances, the magnitude of specific storage is often
approximated for deep, confined strata from compressibility data for the water
and the sediments. The basic equation, as adapted from Freeze (1979), is:

Ss =pg (ntCw + C 2 ) , (1)

where

Ss = specific storage
p = density of water
g = acceleration of gravity
n̂ . = total porosity
Cw = compressibility of water
Cp - compressibility of rock.

The compressibility of rock is definea for an isotropic, homogeneous
elastic medium as the reciprocal of the bulk modulus, or:

Zr = 3(1 - 2u)/E, (2)

where

u = Poisson's ratio
E = modulus of elasticity.

Specific storage values for this study were estimated using Equations (1)
and (2).

The results show relatively little sensitivity to the ranges in
geomechanical properties. The adopted data base values were generally assigned
higher ranges than the computed results indicated, to account for additional
uncertainties present in the computational method. With the exception of



anhydrock and chalk* rounding of the computed results gave the same storage
values to all rocks. Anhydrock and chalk varied from the general pattern
because of their unusually high and low elastic moduli, respectively. The
resulting typical_data base specific storage values were 1 x 10"7 1/m for
anhydrock, 1 x 10~6 1/m for carbonates, sandstone, shale, and salt, and 5 x
10 1/m for chalk. The high and low values were taken to be approximately
one-half order of magnitude larger and smaller than the typical value for
each rock type.

D. Reference Stratographic Sections

Reference stratographic sections, that are believed to be representative
of typical geologic repository environments, were prepared for each of the
five rock types. In all cases the repository was placed at a depth of 700 m
in the stratographic section.

Typical hydrologic properties (adopted properties) are required for each
modeled stratum in the reference geologic sections for the five rock types
being considered as potential repository host rocks. The hydrologic properties
of the strata overlying and underlying the repository horizons in the reference
sections were determined from the developed data bases for the repository
horizons, and from general knowledge of hydrologic material properties of
the various rock types and depositional environments as reported in standard
works (DeWiest, 1965).

The reference stratographic section for anhydrock shows that the uppermost
15 m of the sections made up of sand, silt, and gravel that is representative
of recent surface deposits. Underlying this is a thick sequence of evaporites,
alternating anhydrock and salt, with one shale unit. The reference repository
horizon is an anhydrock unit 183 m thick. The evaporite sequence is assumed
to continue below the anhydrock horizon.

In the reference stratographic section for chalk, the uppermost unit
consists of shale and sandstone that is underlain by a unit of clay, shale,
and marl. The next lower unit is composed of shale, marl, and chalk with some
sandstone. The reference repository horizon is a 259-m-thick bedded chalk
mixed with chalky carbonates and limey chalks.

The uppermost horizon for the carbonate section consists of a 488-m-thick
shale unit, which is underlain by some 91 m of carbonates. A thin, 15-m-thick
shale unit underlies this upper carbonate, followed by 77 m of sand and shale.
The reference repository horizon 1s 275 m of fine- to coarse-grained
crystalline carbonates (limestone/dolostone) with some sand grains and chert.
This 1s underlain by a horizon of sandstone and conglomerate.

The reference stratographic section for sandstone consists of a
762-m-thick sandstone reference repository horizon that is overlain and
underlain by some 600 m of shale.



The shale section consists of an upper 30-m-thick horizon of sand» s1lt»
and clay followed by 122 m of shale with some silt and sand. This is underlain
by the reference repository horizon» a 610-m thick unit of gray to dark gray*
low carbon, ill1tic shale with minor silt and limestone. A 122 carbonate
horizon is assumed to underlie the shale.

The five analyses for travel time and groundwater inflow* performed to
rank the five sedimentary rock types* are described below.

The pre-waste emplacement groundwater travel time is estimated by first
solving the steady state groundwater flow equation:

O/3x1-){k1.ipg/p)O<|>/3x.i) = 0 (3)

where

k-jj = permeability tensor
p = density of the fluid
y = viscosity of the fluid
$ = hydraulic potential

x^ = Cartesian coordinates
g = gravitation acceleration.

The relatively complex geometry coupled with the anisotropic hydraulic
conductivities considered in these analyses necessitate the use of numerical
solution techniques 1n the form of a computer code. The numerical code
selected for this study is based on a weighted residual implementation of the
finite element method. The code is documented in Baca (1981) and will not be
described here.

The results of the pre-waste-emplacement groundwater travel time analyses
are summarized in Table 1. The results are presented as distance traveled
ov«r 100*000 years. Groundwater velocities of the chalk and carbonate sections
were found to be very significantly greater than the other rock types* with
the velocities in carbonates being greater than those in chalk. Sandstone
showed a greater range in velocities than anhydrock* resulting from the
perceived possibility of higher conductivity sandstones. Shale and anhydrock
uniformly showed the lowest groundwater velocities of all rock types studied.
The ranking of the five rock types on the basis of groundwater travel time
is thus: (1) shale and anhydrock* (2) sandstone* and (3) chalk and carbonates.

The first three rock types rank relatively closely on the basis of the
typical cases. Because the sandstone in the reference section is surrounded
by low permeability shale layers* it is suggested that the travel distances
derived in the sandstone analyses may be non- conservatively low. The travel
distances computed for the high and low cases for these three rock types show
the same ranking as the typical cases. In view of the ranges and perceived
degrees of relative conservatism associated with the various reference
sections* it is believed that the ranking presented in the previous paragraph
for the travel time analyses is valid for the purposes of the present study.
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TABLE 1 . Pre-emplacement Distance Traveled by Groundwater in 100*000 Years

Travel Distance (m)
Rock Type Expected High Low
Anhydrock
Chalk
Carbonates
Sandstone
Shale

The groundwater inflow, for the purposes of ranking the five Sedimentary
rocks addressed in this study* is estimated as the volume of groundwater per
unit of time that may be expected to enter a very long drift of 5.5 m diameter
per meter of drift. Because the repository layouts have not oeen developed
for the various rock types, the effects of flow field interference resulting
from the multiple drifts of the final repository are not considered. Rather*
it is believed that the inflow, estimated on the basis of a single drift,
provides an adequate basis for comparison ranking of the five sedimentary
rock types.

Inflow into a drift will be relatively large soon after excavation
decrease with time to approach a steady state value. Because the early tirm?
inflow can be significantly greater than the inflow at steady state, a
transient finite element solution is used 1n this analysis.

The ranking for the five rock types on the basis of groundwater inflow
is: (1) anhydrock and shale, (2) sandstone, (3) chalk, and (4) carbonates,
which correspond to the travel time rankings.

IV. SUMMARY AND CONCLUSIONS

Results of the groundwater travel time analyses show that groundwater
velocities for chalk and carbonate are significantly greater than the other
rocks. Shale was found to have the lowest groundwater velocities, while
sandstone and anhydrock rank behind but relatively close to shale. This is
due to the lower conductivity of shale as compared to sandstone and ths nigher
effective porosity of shale in comparison to anhydrock. In general, tho
ranking of the five rock types based on groundwater inflow analyses compares
favorably to the travel time rankings. Although the chalk and carbonate rocks
show relatively high Inflow rates in comparison to sandstone, shale, and
anhydrock, all values are considered to be below the point where engineering
measures to remove the inflowing groundwaters would be problematical during the
construction and operation of a deep repository.
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