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EVALUATION OF THE ROLE OF THRESHOLD PRESSURE IN
CONTROLLING
FLOW OF WASTE-GENERATED GAS
INTO BEDDED SALT AT THE WASTE ISOLATION PILOT PLANT

Peter B. Davies
Fluid Flow and Transport Division 6344
Sandia National Laboratories
Albuquerque, New Mexico

ABSTRACT

Anoxic corrosion and microbial degradation of contact-handled transuranic waste may produce
sufficient quantities of gas over a long time period to generate high pressure in the disposal rooms
at the Waste Isolation Pilot Plant (WIPP) repository. Dissipation of pressure by outward gas flow will
be inhibited by the low permeability of the surrounding rock and by capillary forces that resist gas
penetration into this water-saturated rock. Threshold pressure is the gas pressure required to
overcome capillary resistance to initial gas penetration and to the development of interconnected gas
pathways that would allow outward gas flow. The primary objectives of this study are to estimate
the magnitude of threshold pressure in the bedded salt that surrounds the WIPP repository and to
evaluate the role this parameter plays in controlling the outward flow of waste-generated gas.
Estimates of threshold pressure have been made based on an empirical correlation of threshold
pressure with intrinsic permeability from other low-permeability
rock types and on a capillary tube
model. These two approaches yield generally consistent estimates, suggesting that threshold pressure
in relatively pure halite is 20 to 50 MPa, or larger; threshold pressure in impure halite is 5 to 25 MPa;
and threshold pressure in more permeable nonhalite interbeds is 2 to 1/2 MPa, or less. Because of the
compounding effect of low threshold pressure and relatively high permeability,
the nonhalite
interbeds are likely to be the dominant pathways for flow of waste-generated gas away from a
pressurized repository. Near the repository, a number of processes occur that may significantly

reduce threshold pressure. Local fracturing and pore dilatation in response to excavation-related
stresses creates larger pore apertures. Desaturation occurs as a result of drying, dilatation, and/or
exsolution of gas that is dissolved in Salado brine under natural conditions. All of these processes
contribute to the development of a zone surrounding the repository that contains pore space that is
readily accessible to waste-generated gas due to significantly decreased threshold pressures. The
threshold pressure estimates and analyses presented in this report are based primarily on threshold
pressure information from low-permeability,
nonsalt rock types and must be confirmed with direct,
laboratory, and/or in situ measurements specific to the Salado Formation at the WIPP repository. In
particular, such measurements should be directed toward the nonhalite interbeds and impure halite.
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1.

INTRODUCTION

Analyses of the post-closure
evolution of disposal rooms in the Waste Isolation Pilot Plant
(WIPP) repository indicate that microbial degradation of organic waste and anoxic corrosion of steel
drums and metallic waste may be capable of generating enough gas to pressurize the rooms to
lithostatic

pressure

(Lappin

suggest a production rate
1990). Similar estimates
mole/drum per year with
proceed at a much slower

et al., 1989).

Recent

estimates

of gas generation

by anoxic

corrosion

of 2 moles/drum per year with a total potential of 900 moles/drum
(Brush,
for gas generation by microbial activity suggest a production
rate of 1
a total potential of 600 moles. Gas generation by radiolysis is expected to
rate. Current gas-generation
research is focused on laboratory and in situ

experiments
that will provide a more accurate prediction
of gas-generation
rates under brineinundated conditions and of possible rate reductions under vapor-limited
(“humid”) conditions. Other
in situ measurements
and model analyses focus on assessing the hydrologic and mechanical response
of the disposal

rooms and surrounding

Salado Formation

to high gas pressure.

An important
objective
in assessing the hydrologic
response to waste-generated
gas is
determining
how much gas can flow from the repository into the surrounding
rock mass, thereby
regulating

gas pressure

within the repository.

Three physical characteristics

will control the flow of gas from the repository into the rock.
pressure, threshold pressure, and gas permeability.
The difference between fluid pressure
fluid pressure in the pores of the surrounding

hydrostatic

pore pressure

Current

in the Salado Formation

(5.9 MPa) and Iithostatic

rock

are pore fluid

in pores of the waste and backfill in the repository and
Salado Formation provides the primary driving force

for moving gas and brine between these two regions.
(i.e. far-field)

of the surrounding

These characteristics

measurements

at the elevation

(14.8 MPa) (Peterson

indicate

that undisturbed

of the repository

is between

et al., 1987; Nowak and McTigue,

1987;

Lappin et al., 1989). Highest pore pressures are usually measured in anhydrite interbeds and range
from 8.8 to 11.5 Mpa (Table 1). Pore pressures extrapolated
from pressure recovery trends yield
higher values, ranging from 9.3 to 13.9 MPa (Table 1). Pore pressures are much lower within the first
few meters of the excavation surface due to depressurization
that accompanies brine flow toward the
excavation

and/or

to dilatation

The second characteristic
to overcome

capillary

resistance

of pores caused by high deviatoric
controlling

stresses near the excavation.

gas flow into the rock is the threshold

and drive gas into the brine-filled

rock pores.

pressure

required

Rock that is fully

saturated
with brine is impermeable
to gas (Figure 1) until the capillary forces resisting
penetration
of gas into the rock pores have been overcome and a network of interconnected

the
gas

pathways has been established.
The sum of the existing pore pressure in the rock and the threshold
pressure is the gas-pressure level that must be reached in the room before gas can flow from the room
within the first few meters of an
into the rock (Figure 2). Because the rock is depressurized
excavation,
penetration

the pore-pressure
component of this sum will be relatively small. However, for gas
beyond the first few meters, the pore-pressure
component of this sum is much larger, on

the order of 12 MPa or higher as discussed

in the previous

1

paragraph.

Table 1. Highest

observed

fluid pressures

DISTANCE

AGE OF

EXCAVATION

UNIT

EXCAVATION

(In)
Marker Bed 139

12

I

10

Marker Bed 139

Formation.

HIGHEST

HIGHEST

APPROXIMATE

FROM

LITHOLOGIC

in the Salado

MEASURED

EXTRAPOLATED

PRESSURE

PRESSURE

(yr)

(MPa)

2 3/4

10,3

5 1/2

REFERENCE

(MPa)

I

10.3

Petersonet

al.,

1987
9.3

8.8

Beauheim

et al.,

in review
Marker Bed 139

23

10.5

1/2

10.7-

Howarthet

12.8

al.,

in press
Anhydrite

22

B

1/2

12.8

11.5

Howarthet

al.,

in press
Marker

24

Bed 1S8

9.3

1/2

9.3-

13.9

Howarthet

al.,

in press

The third characteristic

controlling

the flow of gas from the repository

is the permeability

of

the rock to gas. Gas permeability
is a function of the intrinsic permeability
of the rock ti
of the
degree of saturation, which controls the relative permeability to gas and brine (Figure 1). When little
or no gas is present, the gas phase is not continuous throughout the pore network and, therefore, no
interconnected
gas flow pathways exist. In this state, the rock is impermeable
to gas. Only after
sufficient gas is present to create interconnected
pathways does the rock become permeable to gas.
The fluid saturation corresponding
to the incipient development of an interconnected
network of gas
pathways is commonly referred to as the critical gas saturation or residual equilibrium
gas saturation
(Figure 1). As gas saturation increases further, relative permeability
to gas becomes larger and
relative permeability

to brine becomes smaller.

where brine is no longer continuous
becomes

zero.

At high gas saturations,

throughout

This point is commonly

the pore network

referred

The physical
complex.

characteristics

The Salado Formation

have much higher permeability

interbeds

water saturation.

surrounding

of clay and anhydrite,

than the halite (Beauheim

permeability

reached
to brine

At high gas

1.0 and in this state the permeability

of the rock and fluid

contains

and relative

to as the residual

saturations, the relative permeability
to gas approaches
rock to gas approaches the intrinsic permeability.

a point is eventually

the WIPP repository

of the

are

which in situ tests indicate

et al., in review; Howarth

et al., in press).
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Figure

1.

Definition

of relative permeability

of water (or gas) saturation.
critical gas saturation.

to water (brine) and gas as a function

Also note definitions

of residual

of the degree

water saturation

and

~

(1)

!%rousrnedia(.salt)

saturated with

brine at pressure P brine

*

(2)

Unsat.ratedrnecliurn
gas at pressure p

1’
f
I

(room) containing
gas

\
\
\

p brine

I
#

,

1

I

gas-brine interface

‘gas

‘--”1

Note that in order for gas to leave the room
r

‘gas

must be greater that Pbrine+ P t
‘“-

TRI-6344-724-0

Figure 2.

Schematic illustration of the role of threshold pressure
gas-filled disposal room into adjacent low-permeability

4

in inhibiting gas flow from a
rock that is brine saturated.

The halite itself contains

stratigraphic

variations

in grain size, texture,

and impurity

content

(mostly

clay). In situ tests, laboratory measurements,
and brine seepage observations indicate that hydraulic
characteristics
of the halite units are also variable.
In addition to natural variability in the Salado
Formation,
stress redistribution
in response to excavation of the repository has caused near-field
changes in hydrologic
in some locations;

conditions:

dilatation

brine drainage

and fracturing

has decreased

have increased

pore pressures

intrinsic

rock permeability

in the Salado; elastic and inelastic

changes in pore volume have caused additional
complexity
in the near-field
fluid pressure
distribution;
and dilatation, drying, and possible exsolution of dissolved gas that occurs naturally in
the Salado brine have caused varying degrees of desaturation (Borns and Stormont,
and McTigue, 1897; McTigue et al., 1989; Stormont et al., 1987).
At the June, 1989 National

Academy

of Sciences WIPP Panel Meeting,

1988, 1989; Nowak

John Bredehoeft

(U.S.

Geological Survey) and George Hornberger (University of Virginia) suggested that because threshold
pressure is controlled to a large degree by pore size and because pores in halite are extremely small,
threshold pressure may be extremely high. Therefore, the combination of high existing pore pressures
and high threshold pressures may create a situation in which the rock surrounding
the WIPP
repository is effectively impermeable to gas. Concern was expressed that in the absence of gas flow
from the repository, pressures may reach or exceed lithostatic and cause fracturing of unpredictable
orientation

and extent.

As a first
objectives

step toward

assessing

of this study are to estimate

potential

for gas flow out of the WIPP repository,

the magnitude

of threshold

pressure

in the bedded

the

salt that

surrounds the WIPP repository and to characterize
the role that threshold pressure may play in
controlling the outward flow of waste-generated
gas. In order to accomplish these objectives, the
The first segment focuses on threshold
following discussion is divided into three main segments.
pressure theory and techniques for measuring and estimating threshold pressure in low permeability
The second segment focuses on estimates of threshold pressure for the Salado
environments.
Formation in the vicinity of the WIPP repository.
The third segment focuses on other processes and
physical characteristics
that may influence threshold pressure in the WIPP environment.

5

2.

THEORETICAL

BACKGROUND

ON THRESHOLD

PRESSURE

When two immiscible fluids such as water and gas are in contact, a discontinuity
in pressure
exists across the interface that separates them. Water, which tends to adhere to the rock matrix, is
referred to as the wetting phase, while the gas constitutes the nonwetting phase. The difference in
pressure

between

these two fluids is called capillary

pressure

PC:

(1)

Pc = PgM- Pwater

Capillary pressure is a function of the effective radius r, of the rock pores, surface tension o along
the interface, and the contact angle a between the interface and the adjacent solid material:

Pc ‘

Effective

2 u COSQ
r=

radius, r,, is defined

(2)

in terms of principle

radii rl and rz, and therefore,

is affected

by both

pore size and pore shape:

(3)

In most analyses involving water with glass or rock, complete wetting of the solid is assumed.
these conditions, cosa is equal to one and Equation (2) becomes:

p=?
c

pressure

Under

(4)

re

In order for gas to penetrate a fluid-filled
capillary tube or a saturated porous material,
in the gas must be high enough to deform the interface to a sufficiently small radius to pass

through the tube or rock pores. Pore space in rock is actually a complex arrangement
of space with
relatively large effective radius, ‘fpores,” and space with relatively small effective radius, “necks. ” Gas
penetration into a water-saturated
rock is controlled to a large degree by the small effective radius
pore space, that is by the necks. In low-permeability
rock, the effective radius of necks is very small,
and therefore the gas pressure required to overcome capillary forces and permit gas penetration
is
very large.

7

One approach to quantifying
threshold pressure phenomena in porous media has been to
develop an idealized model using a bundle of capillary tubes as the conceptual framework.
Based on
Poiseuille’s Law for laminar flow through an individual capillary tube, Darcy’s Law for flow through
porous media, and the relationship
between capillary pressure and tube radius, the following
expression for threshold pressure can be derived (Wyllie and Spangler, 1952; Thomas et al., 1968):

1/2

[1

Pt=a

(5)

Xl.
k. k

where:
P~ =

threshold

u=

surface

tension [M/T2]

~.

porosity

[dimensionless]

k.

=

T=
k

Tortuosity
defined

pressure

pore shape factor [dimensionless]
tortuosity

.

[M/LT2]

intrinsic

is a measure

in the hydrology

[dimensionless]
permeability

[Lz]

of the actual length of tortuous
literature

flow pathways

in a porous medium

and is

as follows (Bear, 1972):

2

T=

[1

(6)

L
~

where:
L = length of porous system [L]
L,=

length of tortuous

flow path through

porous system [L]

In order to avoid confusion,
literature

is the reciprocal

it should

of Equation

be noted that the definition
6 (Rose and Bruce,

of tortuosity

1949; Wyllie and Spangler,

The variation of measured parameter values in Equation 5 is summarized
water systems in geologic settings ranging from unsaturated flow in unconsolidated
ground

surface

to natural

gas reservoirs

at depth.

in the petroleum

By far the dominant

1952).

in Table 2 for gasmaterials near the

parameter

controlling

threshold pressure over this broad range of geologic environments is intrinsic permeability,
which has
Both the capillary model represented
by
a range spanning approximately
13 orders of magnitude.
Equation 5 and empirical correlations of threshold pressure versus intrinsic permeability
have been
widely used in the petroleum industry to make estimates of threshold pressure (Thomas et al., 1968;
Katz and Coates, 1968; Katz and Tek, 1970; Ibrahim et al., 1970). These estimation techniques will
be discussed

in more detail in a later section of this report.

Studies of threshold-pressure
phenomena have utilized a variety of techniques to measure
nonwetting-phase
penetration pressures and a variety of terminology has been applied (Dullien, 1979).
In some instances, the definition of threshold pressure contains different assumptions about what
constitutes

initial

“penetration”

or “breakthrough”

of gas or some other nonwetting

phase.

Natural

materials contain pores of many different sizes and flow along any given pathway may encounter both
large radii pores and small radii necks. On a microscopic scale, gas will penetrate into larger pores
at lower capillary pressure than is required for penetration
through smaller pores or necks with
relatively small effective radii. Some investigators define threshold pressure as the capillary pressure
associated
medium.

with first penetration of a nonwetting phase into the largest pores near the surface of the
Others define threshold pressure as the capillary pressure associated with the incipient

development of a continuum of the nonwetting phase through a pore network, providing
not only through relatively large pores, but also through necks between pores.

gas pathways

The physical distinction between these two definitions of threshold pressure is illustrated in
Figure 3, which shows the relationship between capillary pressure under draining conditions and the
corresponding
pressure

changes

in relative

as corresponding

permeability

to first penetration

to the gas and water phases.
of a nonwetting

Defining

threshold

phase into the largest pores near the

surface of the medium means that threshold pressure is equal to the capillary pressure at a water
saturation of 1.0. Defining threshold pressure as corresponding
to the incipient formation
of a
continuum

of the nonwetting

phase through

the pore network

means that threshold

pressure

is equal

to the capillary pressure at a saturation equal to the critical gas saturation.
In other words, threshold
pressure is equal to the capillary pressure at which the relative permeability
to the gas phase begins
to rise from its zero value, corresponding
paths through

The present

definition

development

of interconnected

gas flow

the pore network.
study is concerned

from the WIPP repository.
establish

to the incipient

a gas-filled
of threshold

with the potential

This process will likely require

network

for flow of waste-generated
that outward

of flow paths in the surrounding

pressure being associated with the incipient

of gas flow paths has been adopted

for this study.
9

bedded

flowing
salt.

formation

gas outward

gas penetrate

Therefore,
of a continuous

and

the latter
network

Table 2. Range of threshold

pressure

parameters

for geologic

systems.

MAGNITUDE
PARAMETER

RANGE

Surface tension

Low

OF RANGE

COMMENTS
0.06 N/m

Water with natural

gas

1.6

REFERENCE
Hocott,

1939

Weaat,

1978

Powers

et al., 1978

Freese

and Cherry,

at 15 MPa
High

0.08 N/m

Saturated

NaCl brine

(with air)
Porosity

Low

0.001

Halite,

low end heating

500

data
High

0.500

Unconsolidated

sand

1979
Pore shape factor

Low

2.0

Circular

pore

1.5

WylIie

and

Spangler,
High

3.0

Thin slit

Wyllie

1952

and

Spangler,
Tortuosity

Low

0.02

Chalk

35

Barker

1952
and Foster,

1981
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As noted previously,

threshold

pressure

1986

et al., 1988;
et al., 1970
and Cher~,

1979

phenomena

have been studied

in a broad range of

geologic environments.
Studies of unsaturated flow, commonly in high- to intermediate-permeability
soils, have used threshold pressure (commonly referred to as “bubbling pressure” or “air-entry
pressure” in the unsaturated flow literature) as an indirect measure of the equivalent diameter of the
largest neck in a given sample and as a fundamental
hydraulic
parameter
for characterizing
unsaturated materials (Brooks and Corey, 1964; Stakman, 1968; Cosby et al., 1984). Studies of oil and
gas reservoirs, in a wide range of rock types, have used threshold pressure to characterize the role of
capillary pressure in trapping petroleum fluids and in influencing
multiphase
fluid response to
pumping (Hassler et al., 1943; Muskat, 1949; Hubbert, 1953). Studies of underground
storage of
natural gas (Thomas et al., 1968; Ibrahim et al., 1970) and other fluids such as compressed air (Katz
and Lady, 1976) and hydrogen

(Carden and Paterson,
10

1979) have examined

threshold

pressures

in low

Pressure
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Figure 3.

Definition
relative

of threshold

pressure

and relationship

permeability.
11

between

capillary

pressure

and

to very low-permeability
rock in great detail because capillary sealing in the caprock is of critical
importance
for successful underground
storage of gases. These very low-permeability
caprock
environments
are similar in many respects to the very low-permeability
environment
in the salt
surrounding
the WIPP repository.
Therefore,
the following discussions of threshold
pressure
measurement and estimation draw primarily from research directed toward underground
gas storage.
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3.

TECHNIQUES
Research

produced
Laboratory

Direct

THRESHOLD
in caprocks

for measuring

of threshold

and indirect

pressure

pressure

of techniques

measurements

threshold

MEASURING

on threshold

a variety

measurements

3.1

FOR

measurements.

PRESSURE

for underground

threshold

pressures

gas storage

reservoirs

in low-permeability

has

materials.

pressure can be divided into two categories:
direct
To date, no techniques for in situ measurement
of

have been reported.

Measurements

Threshold pressure can be measured directly by incrementally
increasing the pressure of gas
in contact with the end of a fully saturated core sample and observing the pressure at which gas first
This approach measures the pressure required for the incipient
penetrates
through the core.
development
of interconnected
techniques were first developed

gas flow paths through the pore network.
Direct measurement
by Thomas et al. (1968) and were later enhanced by Ibrahim et al.

(1970) and Pandey et al. (1973). In addition to threshold pressure, intrinsic
measured on the same core prior to the threshold pressure measurement.

permeability is commonly
Using these techniques,

threshold

as low as 9 x 10-23 mz

pressures

as high

as 14 MPa and

intrinsic

permeabilities

(approximately
0.1 nanodarcy) have been measured on low-permeability
caprock materials (Ibrahim
et al., 1970). Caprock lithologies exhibiting high threshold pressures and low permeabilities
include
of threshold pressure in bedded salt have been
anhydrite, carbonate, and shale. No measurements
reported in the literature.

3.2

Indirect
The

measurements

Measurements
second

category

of capillary

of

pressure

threshold

pressure

versus saturation

measurements

to capillary

pressure

is based

on

extrapolating

at a water saturation

equal

to 1.0. This approach measures the pressure required to initiate gas penetration into the largest pores
near the surface of the medium, This technique has been used for a broad range of materials, from
high-permeability
unconsolidated
materials (Brooks and Corey, 1964; Stakman, 1968; Cosby et al.,
1984) to low-permeability

caprocks

(Thomas

et al., 1968; Ibrahim

et al., 1970).

While measurement

of the capillary pressure curve in higher permeability
materials can be carried out by direct
measurements of suction pressure as an initially water-saturated
sample is dried, measurement of the
capillary

measure
pressures

pressure

curve in low-permeability

materials

is more difficult.

One technique for measuring capillary pressure curves in low-permeability
progressive
mercury injection into a dry core sample at successively
(Figure

4).

Extrapolation

to air-water

conditions

is accomplished

materials is to
higher injection

by multiplying

by the

appropriate capillary pressure ratio for water versus mercury systems (Purcell, 1949; Thomas et al.,
1968). A second technique for measuring capillary pressure curves in low-permeability
materials is
to estimate the pore-size

distribution

(expressed

as effective
13

pore radius) by measuring

adsorption
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Figure

4.

Plot showing an example of threshold
a 1 microdarcy
Figure 6.)

(10-18 m2) sandstone.

14

pressure measurement
(Figure

adapted

by mercury
from Thomas

injection

for

et al., 1968,

nitrogen gas in a dry sample (Ibrahim et al., 1970). The corresponding capillary pressure curve is then
computed using the relationship between capillary pressure and pore radius expressed in Equation 4.
A third technique for measuring capillary pressure curves in low-permeability
materials is based on
the theoretical relationship between capillary
vapor-liquid
interface (Saito, 1963; Ibrahim
sealed flask containing

a core sample is measured

steps. Capillary pressures
pressure relationship.

yielded

Comparison
consistency

pressure and vapor pressure in the vicinity of a curved
et al., 1970). For this technique, vapor pressure in a

are then calculated

as the degree of saturation
from the theoretical

is decreased

capillary-pressure

in successive
and vapor-

of threshold pressure determinations
by direct versus indirect techniques has
between techniques to within approximately
one-half order of magnitude, or

better, for most samples (Thomas et al., 1968; Ibrahim et al., 1970). The dominant approach for
determining threshold pressures in low-permeability
rock is by direct measurement.
An advantage
of the direct approach is that intrinsic permeability
is readily measured using the same equipment,
making acquisition of this important parameter a routine component of the total procedure.
An
advantage of the indirect technique is that it produces the entire capillary
also an important piece of information
in multiphase flow analysis.

15

pressure

curve,

which is

4.

TECHNIQUES

FOR

ESTIMATING

THRESHOLD

PRESSURE

Because laboratory measurement of threshold pressure requires carefully controlled conditions
and significant analytic effort, techniques for estimating threshold pressure have been developed as
well. Two approaches to threshold pressure estimation have been developed, one based on empirical
correlation and the other based on the capillary tube model described in Section 2. In this report and
where it appears in the threshold pressure literature, the term “empirical correlation” is used as a
general description for an empirical model (describing the relationship
and intrinsic permeability)
rather than as a specific statistical quantity

between threshold pressure
associated with correlation

coefficients.

4.1

Em~irical

Correlations

Correlations of threshold pressure with intrinsic permeability have been presented in the soils
for unconsolidated
materials (Stakman,
1968) and in the petroleum
literature
for
consolidated
rock (Thomas et al., 1968; Ibrahim et al., 1970). The physical rationale behind this
literature

approach

is that both threshold

pressure

and intrinsic

permeability

are strongly

related

to pore size

and pore interconnections
in some fashion. As noted in the previous discussion of the capillary tube
model, over the broad spectrum of geologic environments,
intrinsic permeability ranges over 13 orders
of magnitude (Table 2) and is the dominant factor controlling threshold pressure. The parameter with
the second largest range (2- 1/2 orders of magnitude) is porosity. Empirical correlations for threshold
pressure that incorporate both intrinsic permeability and porosity have also been tested, but show no
significant

improvement

A detailed

in fit over correlations

literature

that use only intrinsic

review has yielded threshold

permeability

pressure and intrinsic

(Ibrahim,

permeability

1970).
data for

a broad range of Iithologies with permeabilities
ranging from approximately
1 x 10-9 to 1 x 10-22 m2
(1000 darcies to 0.1 nanodarcy).
Most data at the lower end of this range come from measurements
on caprock lithologies associated with underground
gas storage research. Data at the high end of this
range are primarily from unconsolidated
soils and artificial porous media.
Figure 5 is a plot of
threshold pressure versus intrinsic permeability,
grouped by lithology. This plot contains only data
from research laboratory measurements carried out under carefully controlled conditions.
Data from
commercial

laboratories

were not included

because of the frequent

absence of Iithologic

information

and uncertainty
in the range of quality control in the measurements.
Data from Cosby et al. (1984)
for unconsolidated
materials have been presented as a separate curve because these data represent
mean values from a large number of samples in groups of different textural classifications rather than
individual

sample points.

The empirical
similarity

correlations

in threshold-pressure

presented
versus

in Figure 5 and summarized

intrinsic-permeability
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in Table 3 reveal a distinct

relationships

for the consolidated

i10-4

l~d
, ~ -23

‘J

\
1 1111111

,.-21

,.-19

,.-17

Artificial
—.-+..

-.

1 1 111111

,.-15

Intrinsic Permeability

Sandstone
...... A.......

1 111111

Carbonate
.. -4-- -.
Unconsolidated
Stakman (1968)
——F—

t 111111

I },,,,,,,1

t t I 111!!

1 11 [11

,.-11

,.-13

,.-9

(m*)

Anhydrite
—-—+-—.

Shale

Unconsolidated
Cosby et al. (1984)
——k——

TRI-6344-727-O

Figure 5.

Plot of threshold

pressure

versus intrinsic

materials and over a 13 order-of-magnitude
references are summarized in Table 3.
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permeability

for a wide variety of geologic

range in intrinsic

permeability.

Data

Table3.

Threshold

pressure

versus intrinsic

permeability

correlations.

GOODNESS-

NUMBER
LITHOLOGIC

OF

GROUP

EXPONENT(l)

OF-FIT

(b)

(a)

(R2)

-0.336

8.7 X 10-7

0.80

SAMPLES

CONSOLIDATED

COEFFICIENT(l)

1

DATA
REFERENCES

LITHOLOGIES

~arbonate

49

Thomas

et al., 1968;

Ibrahim

et al., 1970

4nhydrite

7

-0.348

2.6 X 10-7

0.90

Ibrahim

et al., 1970

lhale

22

-0.344

7.6 X 10-7

0.74

Ibrahim

et al., 1970

Jandstone

22

-0.369

2,5 X 10-7

0.97

Thomas
Wyllie

et al., 1968;
& Rose,

Rose and Bruce,

1950;
1949

OTHER LITHOLOGIES
Unconsolidated
:2)

11

-0.706

3.7 x 10-12

0.65

Cosby

Unconsolidated
[3)

12

-0.464

3.3 x 10-8

0.97

Stakman,

artificial

18

-0.540

2.3

0.81

X

10-9

Wyllie

et al., 1984

1968

& Rose,

Rose and Bruce,

COMPOSITE

OF CONSOLIDATED

I

100

LITHOLOGIES
-0.346

5.6x

10-7

0.93

FOOTNOTES:
(1)

Exponent

(2)

Data are mean values

(b) and coefficient

for a large number

(a) refer to Equation

(3)

Data are actual values

for sand samples

of samples
sorted

7.
in groups of different

by grain size.
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soil textural

classification.

1950;
1949

lithologies,

which include sandstone,

shale, carbonate,

and anhydrite.

These data have been fit with

a power curve of the form.

y=

(7)

axb

The best fit power curves for these lithologies are quite similar, with exponents ranging from -0.34
to -0.37 and coefficients
ranging from 3 x 10-7 to 9 x 10- 7. On the other hand, the curves for the
high permeability
lithologies (unconsolidated
soils and artificial porous media) are different,
with
exponents ranging from -0.46 to -0.71 and coefficients
ranging from 3 x 10-8 to 3 x 10-12. The
exponents for the best fit power curves for all lithologies are generally similar to the theoretical -0.50
exponent indicated by the capillary tube model (Equation 5). The Stakman ( 1968) data for sorted sand
are characterized
by a close fit (R2 is equal to 0.97) and by an exponent (-0.46) that is quite similar
to the theoretical
-0.50 value. Exponents for the consolidated lithologies are all close to -0.35,
suggesting that factors other than intrinsic permeability
may exert secondary influence on the
correlation

4.2

for consolidated

CaDillary

Tube

materials.

Model

A second approach to estimating
(Equation 5) that explicitly incorporates
permeability.
An objective of Thomas

threshold pressure is based on the capillary tube model
the influence of additional parameters beyond intrinsic
et al. (1968) in developing the capillary tube model for

threshold pressure was to develop a model in which all of the parameters are readily measured.
Of
the parameters in the capillary tube model expressed in Equation 5, only pore shape factor and
tortuosity cannot be measured directly.
Because the pore shape parameter appears as a square root
in Equation 5 and its expected range is very small compared to other parameters (Table 2), this
parameter

has little impact on calculated

threshold

pressures.

While tortuosity cannot be measured directly, it can be determined indirectly using electrical
resistivity measurements.
The tortuous path length, L,, of fluid flow can be indirectly measured by
measuring the flow of electrical current along the same path (Wyllie and Spangler, 1952; Calhoun,
1953; Katz et al., 1957). In a porous medium saturated with a conducting fluid such as brine, the flow
of electrical current is almost entirely through the fluid with negligible flow through the solid matrix.
Since electrical current is conducted only through the fluid within the porous medium, the resistivity
of a saturated sample is higher than the resistivity of the fluid alone. The ratio between the resistivity
of a fully saturated porous medium to the resistivity of the saturating fluid is called the “formation
factor,” F. Because the flow of electricity

is analogous

diameters

flow.

do not affect

path length and porosity

electrical

current

(Wyllie and Spangler,

to the flow of a fluid with zero viscosity,

Therefore,
1952):

20

formation

factor depends

pore

only on flow

(8)

where:
p. = resistivity

of saturated

porous media

PI = resistivity

of the saturating

liquid

Bear (1972) has derived a relation between formation
the relation
consistency

factor and tortuosity

that differs

somewhat

from

implied by Equations 6 and 8. The Wyllie and Spangler (1952) relation is used here for
with the original derivation of the capillary tube model by Thomas et al. (1968).

Using formation

factor as a measure of tortuosity,

Equations

6 and 8 are substituted

capillary pressure model expressed in Equation 5 to yield an expression for threshold
which all significant parameters are readily measurable (Thomas et al., 1968):

into the

pressure

in

(9)

Use of Equation 9 requires a more extensive suite of data than is required for the thresholdpressure versus intrinsic-permeability
correlations and, therefore, fewer data are available for testing
Figure 6 is a plot of estimated versus
this model than are available for the empirical correlations.
Data for this plot are from four
measured threshold pressures for the capillary tube model.
consolidated
rock types (sandstone,
shale, anhydrite,
and carbonate)
and two artificial
porous
materials (pyrex and alundum).
The data span intrinsic
permeabilities
from approximately
~*-12to
10-22
2
to 0.1 nanodarcy)
and measured
threshold
pressures
ranging from
m
(1 darcy
approximately
5 x 10-s to 1.4 x 101 MPa. For materials with threshold pressures less than about 1
MPa, estimations based on the capillary tube model are quite accurate. Estimations are less accurate
for materials
pressures

with threshold

pressures

that are above 10 MPa.

greater

than 1 MPa.

For all of these samples,

Six samples
measured

have estimated

threshold

pressure

threshold
is less than

the estimated value. This discrepancy could reflect difficulties in measuring threshold pressures that
exceed 10 MPa or larger uncertainties
in the associated measurements of very low permeability
(less
than 10-20 m2). Alternatively,
this discrepancy, and perhaps the wider scatter above 1 MPa, could
reflect changes in the pore structure or interactions between pore fluid and pore walls in very tight
materials

that are not accounted

for in the capillary
21

tube model.
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Figure 6.

Plot of estimated

versus

measured

threshold

pressure

for estimates

based on the

capillary tube model. Data are from Thomas et al. ( 1968), Wyllie and Rose (1950), and
Ibrahim et al. (1970).

Because threshold

pressure

estimations

based on the capillary

tube model appear

to be less

accurate at the low permeability

end of the range, a comparison

of the relative accuracy

of estimations

based on intrinsic

permeability

correlations

based on the capillary

tube model has

been carried

For this comparison,

Pt-

out.

=

versus estimations

estimation

error has been defined

P t-lw8m’Ul- Pt~ti

as follows:

(lo)

Pt-mamumd

22

Figure 7 is a plot of estimation error as a function of intrinsic permeability.
This plot illustrates that
for samples with permeability greater than 10-17m2, both methods produce estimation errors less than
1. In this permeability range, the capillary tube model produces somewhat more accurate estimations.
For samples with permeability less than 10-17m2, both methods produce larger estimation errors, with
a tendency

to significantly

end of the range,
accurate.

overestimate

estimations

threshold

pressure in some samples.

based on the intrinsic

permeability

At this low permeability

correlation

appear

to be more

21

I

1

$

0

L$@

*O%

A

A AA

“A

%

A
UL!

.go”$:”o’o
A

#A

0

*2

:y.
A

0

o

K

.-o
%
.-E
%
w

-3

-4

a

-5
-6

I

-7
,

-8

1() -23

I () -21

10-19

10-15

10-17

10-13

10-11

10-9

Intrinsic Permeability (m2 )
Estimation error = (pt measured - ptestimated

)ipt measured
TRI-6344-729-O

Figure 7.

Plot of estimation
based on empirical

error versus intrinsic
correlation

permeability

and on the capillary

23

for threshold
tube model.

pressure

estimates

5.

THRESHOLD

PRESSURE

As noted previously,

ESTIMATES

threshold

FOR

pressure

THE SALADO FORMATION

may be an important

parameter

controlling

the flow

of waste-generated
gas into the rock surrounding
the waste-disposal
rooms at the WIPP repository.
Based on a model of rock pores as uniform tubes and estimates of pore apertures, Stormont et al.
(1987) estimated that the threshold pressure for intact halite is somewhere in the range from 100 to
less than 1 MPa. In order to further evaluate this parameter for the WIPP environment,
estimates of
its magnitude have been made using the techniques described in previous sections of this report and
existing

knowledge

of the physical

characteristics

of the Salado Formation.

5.1 Estimates Based on Permeability Correlation
The Salado Formation, which consists of thick halite beds with anhydrite and clay interbeds,
is similar in many respects to the consolidated lithologies presented in Figure 5. Halite, anhydrite,
and low-permeability
carbonates are all characterized
by relatively tight crystalline textures with
interconnected
pore space occurring along grain boundaries
and possibly associated with small
fractures.
Low-permeability
sandstones may also have similarities in pore structure, with crystalline
cements filling much of the original open intergrain

pore space. The pore structure

of clay interbeds

of the Salado is expected to be generally similar to that of shales, with platy clay minerals aligned
parallel to bedding planes.
Given these general similarities,
a best-fit power curve through the
combined
providing

data set for consolidated
estimates of threshold

correlation

yields the following

Pt (MPa)

Iithologies was judged to provide the best available correlation for
pressure for the Salado Formation
(Figure 8; Table 3). This
relationship

between

threshold

pressure

and intrinsic

= 5.6 x 10-7[ k (m2) ] ‘0”346

permeability

(11)

Permeability measurements in the Salado Formation have been the focus of significant effort
In order to address the inherent difficulties
in measuring
over the course of the WIPP project.
permeability
in such tight rock, measurement
techniques have evolved over time with significant
improvements
in both accuracy and lower limits of resolution. Most of the early measurements made
in deep boreholes

from

the ground

surface

have subsequently

been determined

because of poorly defined pretest conditions and/or problems with analytic techniques
1989; Beauheim et al,, in review). In the one surface-based
test considered reliable,

to be unreliable
(Lappin et al.,
only an upper

bound on the composite permeability of the Marker Bed 138 to Marker Bed 139 interval (< 3 x 10-19
was determined
(Beauheim,
1986). Given the difficulties
with surface-based
measurements,

m2)

efforts in recent years have focused exclusively
Formation from the WIPP shafts and underground

on tests in holes drilled
workings.
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directly

into the Salado
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Plot of correlation

Figure 8.

of threshold

of data from all consolidated
Rose and Bruce,

Early

underground

pressure

with intrinsic permeability
for a composite
Data are from Ibrahim et al., 1970;
rock lithologies.

1949; Thomas et al., 1968; and Wyllie and Rose, 1950.

permeability

measurements

used gas (nitrogen)

injection

techniques

(Peterson et al., 1985). Complexities in quantifying some of the critical assumptions underlying the
interpretation
of “gas permeabilities,”
such as the unknown degree of saturation (Stormont et al.,
1987), led to a gradual shift in testing approach to the use of brine-based
methods (Peterson et al.,
1987; Saulnier and Avis, 1988; Beauheim et al., in review; and Howarth et al., in press). Currently,
in situ
the

test

activities

permeability

experiment.

are
and

In

focused

on

pore-pressure

addition

to

permeability

measurements

distribution

measurements

in
designed
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the

in specific
vicinity
specifically

of

stratigraphic

units

and

a

large-scale

brine

inflow

to

determine

permeability,

on

measurements of brine inflow into open observation holes and into controlled experimental
also been used to estimate permeability of the surrounding rock (Nowak et al., 1988).
Because

both

the stratigraphically

oriented

permeability

testing

and

holes have

large-scale

brine

experiment are ongoing programs, understanding
of the permeability distribution
in the vicinity of
the WIPP disposal rooms is expected to continue to evolve over the next few years. Given the results
to date from these ongoing programs and previous permeability
measurements,
the present
understanding
of the permeability distribution can be summarized as follows (Figure 9). Permeability
within the first two to three meters of an excavation has been increased significantly
by near-field
Within this zone, permeability y is commonly
larger
than
10-19 m2
deformation
effects.
(>0. 1 microdarcy)

and local fracture

zones have significantly

larger permeabilities.

field gas flow, however, permeability and threshold pressure beyond
primary interest.
Far-field
permeability
in some of the relatively
10-23 m2(z0.01 nanodarcy).

Permeability

is highly variable.

In some locations,

interbed

to far-

the disturbed rock zone are of
pure halite units is less than

in halite units that contain impurities

experienced
minor amounts of excavation-related
10-20 to 10-22 m2(10 to 0.1 nanodarcy). Permeability

Relative

and/or

that may have

deformation
is generally in the range from
of Marker Bed 139 and other nonhalite interbeds

permeability

is not significantly

different

from that

of impure halite. In other locations, measured permeabilities
of interbeds, most notably in Marker
Bed 139, are much higher than that of the halite units. Preliminary results indicate that some interbed
permeabilities
are as high as 10-18 m2 ( 1 microdarcy) (Beauheim et al., in review).
Estimated

threshold

pressures based on the empirical

correlation

presented

in Equation

11 and

Figure 8 are summarized in Figure 9. This empirical correlation suggests that threshold pressures in
Threshold
pressure in pure halite with
tight, relatively pure halites are larger than 20 MPa.
m2
may
be
larger
than
50
MPa.
Threshold
pressures in impure halite,
permeability
less than 10-23
halite that may have experienced small amounts of deformation,
and relatively tight interbed units
are in the range from approximately
5 to 25 MPa.
units are in the range from 1 to 2 MPa. Threshold
to be 2 MPa or significantly

Threshold pressures in more permeable interbed
pressure within the disturbed rock zone is likely

less.

Threshold pressure estimates based on the empirical correlation presented in Equation 11 have
uncertainty associated with the correlation itself and with factors external to the correlation.
One
uncertainty
in the correlation is the error associated
threshold pressure for a given intrinsic permeability.
(goodness-of-fit,

R2, is equal to 0.93), the estimation

with estimating the true mean value of the
Because of the relatively strong correlation
error is fairly

small (Figure

8).

A second

uncertainty in the correlation is prediction error due to random variations in threshold pressure in any
given rock type and to measurement error in the original data. Because measurement
error in the
original data was not quantified, these two sources of uncertainty cannot be evaluated independently.
The interval between the bounds of this prediction error is approximately
three times the estimated
mean threshold pressure (Figure 8). One source of uncertainty
external to the correlation
is the
uncertainty

associated

with measurements

of intrinsic

27

permeability

in various

lithologies

of the

Intrinsic
Permeability
(m2)

Estimated
Threshold
Pressure (MPa)

Disturbed
Rock Zone
(Near-Field)

Salado Formation
Lithology
(Far-Field)
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L

10-17
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-0

TRI-6344-731-O

units

in the

Beauheim et al. (in review) estimate the uncertainty
in their recent
Salado Formation.
permeability
measurements
to be approximately
one half order of magnitude.
Uncertainty

Salado

Figure 9.

Plot summarizing
Salado Formation

other Salado permeability
quantified.

Another

estimated

threshold

based on correlation

measurements

very important

pressure

for various

with intrinsic

lithologic

permeability.

in the

(Nowak et al., 1988; Howarth et al., in press) has not yet been
source of uncertainty

is the fact that while the data for the

correlation span a wide range of consolidated rock types (shale, anhydrite, carbonate, and sandstone),
the data do not include any actual measurements from the Salado Formation at the WIPP repository
nor do the data include any actual measurements on halite. At this time, it is not possible to quantify
the total uncertainty associated with these estimates. Clearly the total uncertainty is quite large and
could be reduced significantly
by making direct threshold pressure measurements
for selected
lithologic units of the Salado Formation.
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5.2 Estimates Based on CaDillary Tube Model
A second approach
capillary

for estimating

tube model expressed

in Equation

threshold

pressure

9. The advantage

in the Salado Formation
of this approach

tube model provides a more rigorous accounting
for the range of
influence threshold pressure.
One disadvantage
of applying this
heterogeneous formation and values for the complete parameter suite
Therefore,
threshold
each of the halite and interbed lithologies.

physical

is to use the

is that the capillary
properties

that may

model is that the Salado is a
are not currently available for
pressures estimated using the

capillary tube model are limited to rough estimates of the gross characteristics
of the formation.
A
second disadvantage
of applying this model is that all Salado permeabilities
are less than 10-17m2,
which is the range where the capillary tube model produces somewhat less accurate estimations
(Section 4.2 and Figure

7).

Except for formation factor, all of the capillary tube parameters are available for the Salado
Formation.
An estimate for formation factor can be derived from in situ geophysical measurements.
A best estimate of resistivity of the Salado beyond the disturbed rock zone is 120 ohm-meters,
which
represents the midpoint of the range estimated for 10 to 20 meters out from the excavation using
EM-34 electro-magnetic
surveys and is within the dominant 100 to 300 ohm-meter range of apparent
resistivity

measured

using DC electric

brine is 0.044 ohm-meter
average

formation

(Asquith,

surveys (Skokan et al., 1989).

1982).

Resistivity

Using these values, Equation

of saturated

NaCl

8 yields a best estimate

of

factor of 2.7 x 103 for the Salado Formation.

Table 4 summarizes best estimates and associated rationales for parameter values describing
These best estimates are considered
the gross physical characteristics
of the Salado Formation.
representative
of impure halite, which comprises more than 50 percent of the Salado in the immediate
vicinity of the repository.
Using these values, the estimated threshold pressure based on the capillary
tube model is 5 MPa. Given the large range of permeabilities
in different lithologies and uncertainty
in porosity and formation resistivity factor, this threshold pressure could easily be at least an order
of magnitude

higher (50 MPa) in stratigraphic

units consisting

an order of magnitude lower (0.5 MPa) in some of the nonhalite
is similar to the range estimated using the intrinsic-permeability

29

of relatively

pure halite and at least

interbeds.
This 0.5 to 50 MPa range
correlation.

Parameter

Table 4.

field)

values

for estimating

based on the capillary

threshold

pressure

of the Salado

Formation

(far-

tube model.

ESTIMATED
VALUE

UNITS

Best estimate

0.07

N/m

Water

Maximum

0.08

N/m

Increaae

Minimum

0.05

N/m

Increased

‘ARAMETER

;URFACE

REFERENCE

RATIONALE

TENSION

?ORE SHAPE

in contact

with air at 20 deg. C

due to diseolved
pressure

1

NaCl in saturated

(15 MPa),

natural

brine

gae in water

1
2

FACTOR

Best estimate

3

Shape factor value for high aspect

ratio pore space

3

Maximum

3

Shape factor value for high aspect

ratio pore space

3

Minimum

2

Shape factor value for circular

FORMATION

pores

3

FACTOR

Best eetimate

I

2.7x

103

I

-

I Midpoint

of EM-34

range,

in max. clusterDC

mess.

I 4

Maximum

2.5

X

104

High end of DC measurement

resistivity

range

4

Minimum

2.5

X

102

Low end of DC measurement

resistivity

range

4

POROSITY
Best estimate

0.01

Best estimate,

Maximum

0.05

High end of range from EM and resistivity

0.001

Minimum

weight

loss from heating

5
mess.

4

Low end of range from drying data

6

m2

Midpoint

7, 8

mz

Approx.

high end of range for thin interbed

m2

Approx.

low end of range for relatively

PERMEABILITY
Best estimate

~o-21

Maximum

10-18

Minimum

<10-23

References:

1

Weast,

2

Hocott,

1978

3

Wyllie

and Spangler,

4

Skokan

et al., 1989

1939
1952

of range for impure

5

Black

6

Powere

7

Beauheim

8

Howarth
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halite

et al., 1983
et al., 1978
et al., in review
et al., in press

zones

pure halite

7
7, 8

6.

OTHER PROCESSES AND PHYSICAL CHARACTERISTICS THAT MAY
INFLUENCE THRESHOLD PRESSURE IN THE WIPP ENVIRONMENT
The preceding

processes

and physical

discussions

focus on threshold

characteristics

pressure in fully saturated,

that occur in the WIPP environment

threshold pressure. Potentially important processes include partial desaturation
adjacent to the excavations.
A potentially important physical characteristic
undeformed,
experiencing

porous media.

Other

may have an impact

on

and fracturing of rock
is the possibility that

relatively pure halite (i.e., relatively pure halite units located beyond the near-f ield zone
excavation-related
deformation)
actually has zero permeability.

6.1 Threshold Pressure U rider Partially Saturated Conditions
A combination

of geophysical

measurements

and gas-injection

tests suggests that some portion

of the rock in the immediate vicinity (i.e. first few meters) of the WIPP excavations may be partially
saturated (Stormont et al., 1987; Borns and Stormont, 1988). Processes that may contribute
to
desaturating
rock near the excavations
present in Salado brine.
Dilatation

is an increase

include

dilatation,

in the size of existing

drying,

and exsolution

pores or the creation

of dissolved

gas

of new pore space by

opening along grain boundaries and/or microfracturing
that occurs in response to the strongly
modified stress field adjacent to an excavation (Jaeger and Cook, 1976; Golder Associates, Inc., 1987).
The drop in fluid pressure associated with increased pore volume may draw air into the pores (near
the surface of the excavation) and/or may cause dissolved gas in the pore fluid to come out of
solution.
In either case, an important by-product
of dilatation may be the creation of partially
saturated

pores.

Drying

in a porous medium

initially

occurs as vaporization

at the surface

of the medium

in

contact with unsaturated air (McCabe et al., 1985). As water at the surface is depleted, water from
the interior is drawn to the surface by capillary forces in the smaller pores, while larger pores in the
interior are drained and air enters to replace the displaced water. Once the larger pores are drained,
capillary forces in the smaller pores become large enough to move the primary drying surface into
the interior of the medium. In a fractured porous medium, early drainage of relatively large aperture
fractures may effectively extend active drying surfaces into the interior of the medium, thereby
enhancing the overall drying process.
The exsolution

of dissolved

gas (primarily

nitrogen)

that occurs naturally

is a third process that may contribute to the creation of partially saturated
mine, the presence of gas is manifested in several ways: 1) gas is observed

in the Salado brine

conditions.
In the WIPP
exsolving in brine weeps

on some walls of the excavation; 2) gas is present in many brine samples; 3) gas bubbles are observed
in some of the brine observation holes; 4) gas has been encountered in some pressurized test intervals
within the Salado; and 5) gas is present in fluid inclusions within individual halite crystals (Peterson
et al., 1985; Stein and Krumhansl,

1986; Deal and Case, 1987; Beauheim
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et al., in review).

These

observations indicate that brine from the Salado Formation contains dissolved gas that comes out of
solution as fluid pressure is decreased. If gas exsolution is occurring within the Salado, an important
by-product
of this process is its contribution to decreasing the degree of water saturation in the near
field. An important unknown at the present time is the amount of gas present under undisturbed
At one extreme, Salado brine may be fully gas saturated with free gas present at
conditions.
undisturbed pore pressures. At the other extreme, Salado brine may contain only a small quantity of
dissolved gas, which comes out of solution only at pressures near atmospheric.
The amount of gas in
solution will strongly influence how far from the excavations desaturation
is occurring due to gas
exsolution.
The effect of desaturation on threshold pressure was first studied by Hassler et al. (1943) in
the context of oil reservoirs in which production is driven in part by gas exsolution at levels that are
insufficient
to cause the development of an interconnected
gas-filled pore network. This work was
later extended to gas-reservoir
caprock environments
by Thomas et al. (1968) in the context of
resealing caprocks

once the initial threshold

pressure

has been exceeded.

This research

indicates

that

the impact of desaturation
is to reduce threshold pressures progressively
until the critical gas
saturation is reached, corresponding
to the incipient formation of an interconnected,
gas-filled pore
network (Figure 3). Crossing this critical gas saturation threshold is associated with the initial
At water saturations below the critical gas
development
of nonzero gas relative permeabilities.
saturation, threshold pressure is zero. Therefore, the processes of dilatation, drying, and exsolution
of dissolved gas from the Salado brine are likely to significantly
reduce threshold pressures in the
These
conditions
will
enhance the ability of wasteimmediate vicinity of the WIPP excavations.
generated gas to penetrate and flow through the disturbed
rock zone, providing
enhanced gas
pathways between the room and the higher permeability,
nonhalite interbeds.
These conditions may
also reduce threshold pressure
penetration into the halite.

in the halite units of the disturbed

rock zone to a level that allows gas

6.2 ImDact of Fracturing on Threshold Pressure
In low-permeability
environments,
the presence of fractures frequently dominates hydraulic
In a tight porous material containing
small intergranular
pores, the existence or
behavior.
introduction
of fractures is likely to provide pore space with much larger apertures.
The presence
of such large-aperture
pore space causes a significant reduction in threshold pressure of the total rock
mass. Indeed, the presence of natural or induced fractures is considered one of the most important
elements
presence

in the evaluation of potential caprocks for underground
gas storage reservoirs, as the
of fractures can produce significant leaks (Ibrahim et al., 1970; Katz and Coates, 1973).

Two types of fracturing
occur in the vicinity of the WIPP excavations.
The first type of
fracturing is caused by the redistribution
of stress in the immediate vicinity of the excavation.
The
second type of fracturing is natural,
Marker Bed 139 and other anhydrite

pre-excavation
interbeds.
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fractures

in the relatively

brittle

anhydrite

of

Excavation-related
from the excavations,

fracturing

has been documented

by geophysical

measurements,

by visual observations

and by gas injection

in holes drilled

(Borns and Stormont,

1988;

U.S. DOE, 1988). This fracturing includes vertical separations along nonhalite interbeds in the floor
and back, arcuate fractures in the floor and back that crosscut a variety of stratigraphic
units, and
vertical fractures associated with spalling within the ribs. The intensity and extent of fracturing are
a function of time and of excavation dimensions.
Gas-injection
measurements
indicate that in the
vicinity of a typical drift that has been open for several years, fracturing is most extensive within the
first two meters of the excavation (Stormont et al., 1987; Borns and Stormont, 1988). During these
tests, gas flow into this zone occurred
In a study of large-diameter

at test-zone

pressures

of less than 1 MPa.

drill core, Borns (1985) documented

the presence

of horizontal

and low-angle fractures within Marker Bed 139 that predate the WIPP excavations.
While these
fractures are much more subtle than those related to the excavation stresses, they are only partially
healed and may play an important role in controlling far-field
and the overall hydrologic response of the Salado Formation
concluded that these fractures formed in response
or in response to deformation
in the underlying
brittle anhydrite and polyhalite interbeds within
Therefore,
it is likely that similar fractures exist
The presence

of extensive,

to stress cycles related to sedimentation
and erosion
In either case, other relatively
Castile Formation.
the Salado probably responded in a similar fashion.
in other interbeds as well.

excavation-related

most likely create pore space that is available

permeability
of anhydrite interbeds
to the WIPP facility.
Borns (1985)

fracturing

adjacent

to the WIPP repository

for the storage of waste-generated

will

gas. In the context

of the total room/rock system, this pore space does not actually represent new void volume, but rather
represents a redistribution
of void volume from the room to the disturbed rock zone. Given the
relatively large apertures and corresponding
low threshold pressure of fractures,
this pore space
should

be readily

accessible

to gas that is generated

in the adjacent

enhance gas flow between the room and the relatively high permeability,
this zone, the presence of naturally occurring, partially healed fractures

room and will significantly
nonhalite interbeds. Beyond
in Marker Bed 139 and other

similar interbeds may provide potential gas flow pathways that have threshold pressures significantly
lower than the 0.5 to 5 MPa range estimated based on empirical correlation with permeability and on
the capillary

tube model (Section 5).

6.3 Possibility of Zero Permeability in Undeformed, Pure Halite
Because of halite’s plastic deformation

behavior

and low yield strength,

it is theoretically

not

possible to maintain open, interconnected
pore space, leading to the general conclusion that halite is
impermeable
(National Academy of Sciences, 1957). Based on this type of reasoning and on field
observations of the occurrence and character of fluids encountered during the mining of salt deposits
in Europe, Baar (1977) drew the conclusion that salt deposits are absolutely impermeable
at depths
of 300 meters or more. Similar conclusions were drawn relative
early stages of the WIPP project (Powers et al., 1978).
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to the Salado Formation

during

the

Experimental

confirmation

of absolute zero permeability

is not possible.

Both laboratory

and

in situ permeability
measurements
always have some lower limit of resolution due to equipment
limitations. As permeability measurement techniques have been refined and lower limits of resolution
achieved,

tight rock that was once considered

permeability

behavior

and measurable

heterogeneity

impermeable

has been shown

at levels below earlier

to have measurable

limits of resolution.

Technical arguments concerning the absolute impermeability
of halite based on its mechanical
rigorously apply only to pure halite. The presence of significant impurities can alter the

deformation
behavior of halite and absolute impermeability
is less likely. Going one step further,
continuous interbeds of nonhalite material such as clay or anhydrite may be layers that contain
interconnected
pore space, which provide thin, low-permeability
pathways imbedded within a much
larger mass of very low permeability
and/or truly impermeable material.
Recent
relatively

in situ permeability

testing

pure halite units that maintain

in the Salado Formation
large and arbitrary

has encountered

pressures

within

a number

a test interval

of

for an

extended period of time with no observable pressure decay (Beauheim et al., in review; Howarth et
al., in press). These units are currently considered to have a permeability of less than approximately
10-23 m2.

At present,

it is not possible

to determine

whether

or not these units

have a finite

permeability (e.g., 10-24 m2)or whether permeability is absolutely zero. Therefore, one must consider
the permeability
question in the context of a specific problem, which in this case is the penetration
Threshold pressures are likely to be so high in such a
and flow of gas under repository conditions.
tight material that relative permeability
to gas of these tight, pure, undeformed
halite units is
absolutely

zero for the range of pressure

conditions
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that are possible in the repository

environment.

7. DISCUSSION
Anoxic corrosion and microbial degradation
of the WIPP waste may produce sufficient
quantities of gas to generate high pressure in the repository.
An important objective in assessing the
impact of waste-generated
gas is evaluating whether or not gas can flow into the surrounding
rock,
thereby moderating gas pressure. If gas can flow outward, then understanding
and quantifying
the
processes by which this occurs is also very important.
If the surrounding rock is fully saturated with
brine, then the relative permeability to gas is zero and no gas can flow can occur. In order for gas
to flow from a waste repository into the surrounding
rock, it must first overcome the sum of the
capillary forces resisting penetration (threshold pressure) and the existing brine pressure in the rock
pores, and then establish interconnected
gas pathways (corresponding
to a nonzero relative
permeability to gas) that allow outward flow. Threshold pressure is controlled primarily by pore size
and pore interconnections.
Because pore space in the bedded salt surrounding
the WIPP repository
is characterized
by extremely small apertures, threshold pressures may be quite large. The primary
objectives of this study have been to estimate the magnitude of threshold pressure in the bedded salt
formation that surrounds the WIPP repository and to evaluate the role that this parameter may play
in controlling

the outward

flow of waste-generated

gas.

7.1 Threshold Pressure Estimates for the Salado Formation
Estimates

of threshold

pressure

for the Salado Formation

have been made

based

on an

empirical correlation of threshold pressure with intrinsic permeability and on a capillary tube model.
The physical rationale behind the correlation approach is that both threshold pressure and intrinsic
permeability

are controlled,

to a large degree, by pore size and pore interconnections.

correlation
come primarily
from laboratory
measurements
permeability on low-permeability
caprock materials associated

Data for this

of threshold
pressure and intrinsic
with underground
gas-storage studies

and on other consolidated rock types. The capillary tube model also comes from underground
gasstorage technology and is derived from an idealized capillary tube representation
of a porous medium.
The permeability correlation and capillary tube model yield generally consistent estimates of threshold
pressures for the Salado Formation at the WIPP. These estimates indicate that threshold pressures in
relatively pure, undeformed
halite may be 20 to 50 MPa, or larger. Threshold pressure of impure
halite, mildly deformed halite, and some interbeds is estimated to be on the order of 5 to 25 MPa.
Other

interbed

estimated

units,

in particular

to have threshold

compounding

those containing

pressures

on the order

preexisting,

partially

healed

of 2 to 1/2 MPa, or less.

Because

effect of low threshold pressure and relatively high intrinsic permeability,

interbeds are likely to be the dominant
pressurized repository.
The potential

importance

pathways

of nonhalite

for flow

interbeds

of waste-generated

fractures,

are
of the

these nonhalite

gas away

from

can be viewed from a second perspective.

a

If

one assumes that the Salado Formation is fully saturated with brine at 12 MPa in the far field and that
gas pressure should not exceed Iithostatic pressure (15 MPa), then in this far-field
region, only
Iithologic units with a threshold pressure of less than 3 MPa are capable of allowing gas penetration
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and the development
of interconnected
Based on estimated threshold
criteria.

gas-flow paths without exceeding the 15 MPa pressure
pressures for the various Salado lithologies, only the more

permeable, nonhalite interbeds are likely to meet this criteria. It should be noted, however, that the
lower end of the estimated threshold pressure range for impure halite is 5 MPa, which is close to the
3 MPa criteria for far-field gas penetration and flow. Given the large uncertainties
associated with
the estimated threshold pressures, it is quite possible that actual threshold pressure in the impure
halite of the Salado is less than 3 MPa. This possibility is potentially important because impure halite
comprises more than 50 percent of the Salado Formation in the vicinity of the repository and,
therefore,

represents

a significant

The discussion

potential

for gas storage.

thus far has focused primarily

on the role of threshold

pressure under far-field

conditions.
Near the repository, a number of processes occur that may significantly reduce threshold
pressure. Local fracturing and pore dilatation in response to excavation-related
stresses create larger
pore apertures (Section 6.2). Desaturation occurs as a result of drying, dilatation, and/or exsolution
of gas dissolved in Salado brine under natural conditions (Section 6.1). All of these processes
contribute to the development of a zone surrounding the repository that contains pore space that will
be readily accessible to waste-generated
gas due to significantly decreased threshold pressures. The
ready accessibility of the near-field region to gas flow has already been demonstrated
at the WIPP by
the successful injection of gas in near-field
test zones at test zone pressures of less than 1 MPa
(Section 6.2). This zone is likely to provide partially desaturated pathways for gas flow from the
disposal rooms to nearby nonhalite interbeds that have relatively high permeabilities
and low
threshold pressures. This near-field zone may also contain significant gas storage potential.
While the threshold pressure estimates discussed in this report are quite useful for formulating
concepts and constructing preliminary models of system behavior, the reader is cautioned that there
remains considerable
uncertainty
in these estimates.
These estimates and analyses are based on
threshold pressure information
from nonsalt rock types and must be confirmed
with in situ or
laboratory measurements
that are specific to the Salado Formation at the WIPP repository.
In
particular, such measurements
should be directed toward two Iithologies, nonhalite interbeds and
impure halite. The nonhalite interbeds are the most likely units to have the combination
of low
threshold pressure and sufficient permeability
to allow significant gas flow laterally away from the
repository.
Because some of the interbed units contain partially healed, pre-existing
fractures,
laboratory

testing

threshold

pressure

may require

unusually

large samples and in situ testing

in the impure halite is low enough,

gas-storage volume. Therefore,
should be impure halite.

a second target for WIPP-specific
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may be necessary.

then these units may provide
threshold

a relatively

pressure

If
large

measurements

7.2 ConceMual Model for Hvdrolopic Resuonse of the Re~ository to Waste-Generated Gas
The threshold

pressure

estimates

and related

analyses discussed

in this report

indicate

that

threshold pressure is likely to be a very important parameter controlling the flow of waste-generated
gas from the WIPP repository into the adjacent Salado Formation.
Threshold pressure may allow gas
penetration
and flow along thin, nonhalite interbeds and at the same time prevent significant gas
penetration into the halite, which makes up much of the Salado Formation.
A conceptual model for
the overall system that incorporates
this behavior can be summarized as follows. During the early
post-closure time period, waste-generated
gas (at relatively low pressure) accumulates and is confined
to the available pore space within a disposal room and perhaps a thin zone of fractured, repressurized,
Confinement
within this area is
and partially desaturated
rock adjacent to the disposal room.
provided by a combination of low permeability,
moderate to high threshold pressure, and moderate
However, the surrounding
to high pore-fluid
pressures in the surrounding
rock.
homogeneous.
Heterogeneities
in the form of thin, nonhalite interbeds are likely
important

factor.

nonhalite

interbeds

In contrast

to the high threshold

is likely to be low enough

pressure

in halite,

for gas to readily

threshold

penetrate

rock

is not

to be a very

pressure

and flow laterally

in the
along

these units. Also, because of the higher intrinsic permeability
of these interbeds, depressurization
due to brine drainage is likely to be more extensive than in the halite. Given the combined effects
of lower threshold pressure, lower pore fluid pressure, and higher intrinsic permeability,
these
nonhalite interbeds will be the dominant pathways for flow of waste-generated
gas away from the
pressurized repository and outward gas flow along the interbeds is likely to be initiated at room
pressures

well below lithostatic.

will be provided
drilled

by the disturbed

for rock bolting

the iterative
to provide

between

rock zone and by vertical

the repository
boreholes

of numerical

data on pertinent

physical

and nonhalite

interbeds

(3 to 15 meters

in length)

purposes.

step in assessing the impact of waste-generated

and testing the conceptual
development

pathways

and other geotechnical

The next important
is quantifying

Gas-flow

model presented

in the previous

gas on the WIPP repository
paragraph.

models for assessing system behavior
Analyses
and processes.

parameters

This requires

and experimental
to date indicate

work
strong

coupling between the chemical processes controlling gas-generation
rates, fluid processes controlling
brine flow to disposal rooms and gas flow away from disposal rooms, and mechanical processes
controlling
room closure and the amount of void space available
chemical, hydrologic, and mechanical responses the WIPP repository
of ongoing

modeling

and experimental

studies at Sandia.
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for gas storage.
Assessing the
to rising gas pressure is the focus
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